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ABSTRACT
Luminous spheroids (MV . −21.50 ± 0.75 mag) contain partially depleted cores with sizes (Rb)
typically 0.02 – 0.5 kpc. However, galaxies with Rb > 0.5 kpc are rare and poorly understood. Here we
perform detailed decompositions of the composite surface brightness profiles, extracted from archival
Hubble Space Telescope and ground-based images, of 12 extremely luminous “large-core” galaxies that
have Rb > 0.5 kpc and MV . −23.50± 0.10 mag, fitting a core-Se´rsic model to the galaxy spheroids.
Using 28 “normal-core” (i.e., Rb < 0.5 kpc) galaxies and 1 “large-core” (i.e., Rb > 0.5 kpc) galaxy
from the literature, we constructed a final sample of 41 core-Se´rsic galaxies. We find that large-core
spheroids (with stellar massesM∗ & 10
12M⊙) are not simple high-mass extensions of the less luminous
normal-core spheroids having M∗ ∼ 8× 1010 − 1012M⊙. While the two types follow the same strong
relations between the spheroid luminosity LV and Rb (Rb ∝ L
1.38±0.13
V ), and the spheroid half-light
radius Re (Re ∝ L
1.08±0.09
V , for ellipticals plus BCGs), we discover a break in the core-Se´rsic σ − LV
relation occurring at MV ∼ −23.50± 0.10 mag. Furthermore, we find a strong log-linear Rb −MBH
relation for the 11 galaxies in the sample with directly determined SMBH massesMBH—3/11 galaxies
are large-core galaxies—such that Rb ∝ M
0.83±0.10
BH . However, for the large-core galaxies the SMBH
masses estimated from the MBH − σ and core-Se´rsic MBH − L relations are undermassive, by up to
a factor of 40, relative to expectations from their large Rb values, confirming earlier results. Our
findings suggest that large-core galaxies harbour overmassive SMBHs (MBH & 10
10M⊙), considerably
(∼ 3.7 − 15.6σ and ∼ 0.6 − 1.7σ) larger than expectations from the spheroid σ and L, respectively.
We suggest that the Rb −MBH relation can be used to estimate SMBH masses in the most massive
galaxies.
Subject headings: galaxies: elliptical and lenticular, cD — galaxies: fundamental parameter — galax-
ies: nuclei — galaxies: photometry— galaxies: structure
1. INTRODUCTION
It is now believed that all massive galaxies con-
tain a supermassive black hole (SMBH) at their
centre (Magorrian et al. 1998; Richstone et al. 1998;
Ferrarese & Ford 2005). The connection between
SMBHs and the properties of their host galaxies has been
a subject of ongoing interest (see Kormendy & Ho 2013;
Graham 2016 for recent reviews). SMBH masses (MBH)
scale with a wide range of host galaxy properties such
as the stellar velocity dispersion (σ; Ferrarese & Merritt
2000; Gebhardt et al. 2000) and bulge luminosity (L;
Kormendy & Richstone 1995; Magorrian et al. 1998;
Marconi & Hunt 2003). In addition, observations reveal
partially depleted cores—a flattening in the inner stellar
light distributions of galaxies—that are explained as an
imprint left by binary SMBHs on the central structures
of their host galaxies.
Luminous spheroids (MV . −21.50 ± 0.75 mag),
for the most part, possess depleted cores. In the
hierarchical structure formation model, the brightest
and most massive galaxies are built through genera-
tions of galaxy merger events (e.g., Toomre & Toomre
1972; White & Rees 1978; Schweizer 1982; Barnes
1988; Kauffmann et al. 1993; De Lucia & Blaizot
2007; Laporte et al. 2013). SMBH binaries invariably
form in such galaxy mergers (e.g., Komossa et al. 2003;
Rodriguez et al. 2006; Bianchi et al. 2008; Burke-Spolaor
2011; Barrows et al. 2012; Comerford et al. 2015;
Goulding et al. 2019). N-body simulations suggest
that depleted cores are generated via three-body
interactions between inner stars from the galaxy
core regions and orbitally decaying SMBH binaries
which form in major, “dry” (gas-poor) mergers of
galaxies (e.g., Begelman et al. 1980; Ebisuzaki et al.
1991; Milosavljevic´ & Merritt 2001; Merritt 2006;
Hopkins et al. 2009). Due to only radial orbits being
capable of bringing inner stars in close proximity to
the SMBH binary, the binary scouring process leaves a
relative excess of tangential orbits in the galaxy cores
(Quinlan & Hernquist 1997; Milosavljevic´ & Merritt
2001; Gebhardt et al. 2003; Thomas et al. 2014, 2016;
Rantala et al. 2018). Also, in Dullo & Graham (2015)
we found a tendency for the depleted core regions of
luminous galaxies to be round. In this paper we focus
on the brightest galaxies which are expected to host the
most massive SMBHs, making them excellent structural
probes of extreme cases of core depletion caused by the
cumulative actions of massive binary SMBHs.
Earlier studies of depleted cores using ground-based
observations lacked the spatial resolution to reveal
cores with small angular sizes in enough detail (e.g.,
King & Minkowski 1966; King 1978; Young et al.
1978; Binney & Mamon 1982; Lauer 1985). The
availability of high-resolution Hubble Space Tele-
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scope (HST) imaging has subsequently allowed us
to resolve such small cores and properly charac-
terise depleted cores of “core-Se´rsic” galaxies (e.g.,
Crane et al. 1993; Kormendy et al. 1994; Jaffe et al.
1994; Ferrarese et al. 1994; van den Bosch et al. 1994;
Lauer et al. 1995; Byun et al. 1996; Gebhardt et al.
1996; Faber et al. 1997; Ravindranath et al. 2001;
Rest et al. 2001; Laine et al. 2003; Graham et al.
2003; Ferrarese et al. 2006; Lauer et al. 2007a,b;
Richings et al. 2011; Dullo & Graham 2012, 2013, 2014;
Dullo et al. 2017; Rusli et al. 2013). However, as done
in a few of these studies (e.g., Graham et al. 2003;
Ferrarese et al. 2006; Dullo & Graham 2012, 2013, 2014;
Rusli et al. 2013) reliably determining if a flat inner core
in a galaxy actually reflects a deficit of stars relative to
the inward extrapolation of the spheroid’s outer profile
relies on careful modelling of the galaxy light profile
using the core-Se´rsic model. Applying the core-Se´rsic
model Dullo & Graham (2012, see also Dullo & Graham
2013) showed that 18 per cent of “cores” according
to the Nuker model (Lauer et al. 1995, 2007a) were
actually misidentified Se´rsic spheroids with low Se´rsic
indices and no depleted cores (see also Graham et al.
2003; Trujillo et al. 2004; Dullo & Graham 2014). Cores
measured using the Nuker model break radii1 are also
typically 2−3 times larger than the core-Se´rsic model
break radii, Rb, (e.g., Trujillo et al. 2004; Ferrarese et al.
2006; Richings et al. 2011; Dullo & Graham 2012, 2013,
2014). Lauer et al. (2007b, Appendix C) advocated
the use of the “cusp radius”, i.e., the radius where the
negative logarithmic slope of the fitted Nuker model
equals 1/2 (rγ′=1/2, Carollo et al. 1997), as a measure of
the core size. While the “cusp radius” somewhat agrees
with the core-Se´rsic break radius (Dullo & Graham
2012), its application fails to discriminate whether
galaxies contain a partially depleted core or not, since
all galaxy light profiles have a cusp radius.
In the past few decades, a few papers (e.g.,
Faber et al. 1997; Lauer et al. 2007b; Dullo & Graham
2014; Rusli et al. 2013; Thomas et al. 2016) have shown
strong scaling relations involving the structural parame-
ters of core-Se´rsic spheroids. Unfortunately, these scal-
ing relations were established using core-Se´rsic spheroids
having “normal” size cores (i.e., Rb ∼ 20 − 500 pc) and
SMBH masses MBH . 3 × 109M⊙. The behavior of
such scaling relations remains unknown for the most lu-
minous core-Se´rsic galaxies with “large” size cores (i.e.,
Rb > 0.5 kpc). In addition, SMBHs with masses of order
1010M⊙ are hosted by high-luminosity quasars at high
redshift (e.g., Wu et al. 2015) and recent observations
have found them in a few extremely massive, present-
day galaxies (McConnell et al. 2011; Thomas et al. 2016;
Mehrgan et al. 2019). These are important to constrain
the SMBH scaling relations at high masses (MBH &
3 × 109M⊙). Given the luminosity function of galaxies
(Efstathiou et al. e.g., 1988; Kochanek et al. e.g., 2001;
Benson et al. e.g., 2003; Baldry et al. e.g., 2012), it im-
plies that “large-core” galaxies are rare, although they
are becoming increasingly common as more galaxies
with high luminosity are modelled (e.g., NGC 6166,
1 Graham et al. (2003) revealed that the Nuker model parame-
ters are unstable and deviate from the true values as larger radial
extents are probed by the light profile fitting.
Lauer et al. 2007b; 4C +74.13, McNamara et al. 2009;
A2261-BCG, Postman et al. 2012; Bonfini & Graham
2016; NGC 4486 and NGC 4889, Rusli et al. 2013; NGC
1600, Thomas et al. 2016; A2029-BCG, Dullo et al.
2017; A1689-BCG, Alamo-Mart´ınez & Blakeslee 2017).
However and as noted above, caution should be ex-
ercised when interpreting large depleted cores, par-
ticularly those identified by the Nuker model (e.g.,
Lauer et al. 2007b; Lo´pez-Cruz et al. 2014). For ex-
ample, Lo´pez-Cruz et al. (2014) claimed that the BCG
Holm 15A has the largest core size measured in any
galaxy to date (rγ′=1/2 ∼ 4.6 kpc) based on their
Nuker model analysis. In contrast, Bonfini et al. (2015);
Madrid & Donzelli (2016) did not identify a central stel-
lar deficit relative to the spheroid’s outer Se´rsic pro-
file in their modeling of the galaxy’s CFHT and Gem-
ini data, respectively, while Mehrgan et al. (2019) fit the
2D core-Se´rsic+Se´rsic+GaussianRing3D model to their
Wendelstein image of the galaxy and reported a core size
Rb ∼ 2.8 kpc.
Accurate extension of the galaxy structural scaling
relations to the most massive galaxies carries valuable
clues about the supposed joint evolution of SMBHs and
their host spheroids. Of particular relevance is the
observed correlation between the mass of the SMBH
(MBH) and the size of the depleted core (Rb). Ab-
sence of a bend/offset in the Rb − MBH relation for
the most massive spheroids would imply the core size
is a good predictor of SMBH masses at the high mass
end, more reliable than σ (e.g., Thomas et al. 2016).
Lauer et al. (2007b) noted that SMBH masses for the
most luminous galaxies are overmassive relative to the
inference from the high mass end of the MBH − σ rela-
tion, but they are in better agreement with those from
MBH − L relation (see also Volonteri & Ciotti 2013).
TheMBH−σ relation predictsMBH for the most massive
galaxies (i.e., σ ∼ 300− 390 km s−1, Lauer et al. 2007b;
Bernardi et al. 2007) cannot exceed MBH ∼ 5× 109M⊙,
whereas predicted MBH from the MBH − L relation can
surpass MBH ∼ 10
10M⊙ (Lauer et al. 2007b). The ra-
tionale for this discrepancy is that the most massive
spheroids are expected to undergo a larger number of
dry major mergers that increase their stellar mass, black
hole mass and size, while keeping their velocity dispersion
relatively unaffected (e.g., Nipoti et al. 2003; Ciotti et al.
2007; Oser et al. 2012; Hilz et al. 2013). This is also evi-
dent from the broken σ−L relation of elliptical galaxies
(Faber & Jackson 1976) which displays a shallower slope
at bright magnitudes MV . −21.5 mag (σ ∝ L1/(5−8),
e.g., Malumuth & Kirshner 1981; Lauer et al. 2007b;
Kormendy & Bender 2013), whereas at fainter magni-
tudes σ ∝ L1/2 (e.g., Davies et al. 1983; Held et al. 1992;
Matkovic´ & Guzma´n 2005). This change in the slope of
the σ − L relation matches the core-Se´rsic versus Se´rsic
structural divide (e.g., Sahu et al. 2019).
Here, we perform careful, multi-component
(halo/intermediate-scale component/spheroid/nucleus)
decompositions of the new light profiles of 12 “large-
core” galaxies (i.e., 9 BCGs, 2 second brightest cluster
galaxies and 1 brightest group galaxy) using a core-Se´rsic
model and a Se´rsic model. Together with the large-core
BCG IC 1101 (Dullo et al. 2017), these 13 galaxies
constitute the largest sample of “large-core” galaxies
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TABLE 1
Global properties for our full sample of 13 core-Se´rsic
galaxies with large break radii (i.e., Rb > 0.5 kpc).
Cluster or Group BCG or BGG Type D σ
(Mpc) (km s−1)
(1) (2) (3) (4) (5)
NGC 1600 NGC 1600 E3 66.0 331
Virgo NGC 4486† cD pec 23.0 323
Coma/Abell 1656 NGC 4874† cD0 106.4 271
Coma/Abell 1656 NGC 4889 cD4 96.6 347[2a]
Abell 2199 NGC 6166 cD2 pec 130.4 300[4a]
MS0735.6+7421 4C +74.13 cD 925.3 239[1a]
Abell 0119 UGC 579 E 185.7 287
Abell 2029 IC 1101 E 363.0 378
Abell 2147 UGC 10143 cD 153.4 276
Abell 2261 A2261-BCG cD 958.8 387[3a]
Abell 3558 ESO 444-G46 cD4 204.9 248
Abell 3562 ESO 444-G72 SAB(rs)00 213.3 236
Abell 3571 ESO 383-G76 cD5 169.0 322
Notes.—Col. (1): cluster or group name. All the galaxies in our
sample except for the dominant group galaxy NGC 1600 reside
in clusters. Col. (2): the superscript ‘†’ denotes the two second
brightest cluster elliptical galaxies in the sample which inhabit the
centers of their clusters (Fig. 1). An alternative designation for
A2261-BCG is 2MASX J17222717+3207571. Col. (3): classifica-
tion came from NEDa. Col. (4): distances (D) came from NED
(3K CMB), assuming H0 = 70 km s−1 Mpc−1. Col. (5): central
velocity dispersions (σ) are taken from HyperLedab (Paturel et al.
2003) unless the source is indicated. Sources: [1a] McNamara et al.
(2009); [2a] McConnell et al. (2011); [3a] Postman et al. (2012);
and [4a] Bender et al. (2015).
ahttp://ned.ipac.caltech.edu
b(http://leda.univ-lyon1.fr)
studied to date. We aim to revisit the structural scaling
relations of our full sample of 41 core-Se´rsic galaxies
(13 “large-core” galaxies plus 28 “normal-core” galaxies,
Dullo & Graham 2014) over a comprehensive dynamic
range in core size (Rb ∼ 0.02 − 4.2 kpc), spheroid
luminosity (−20.70 mag & MV & −25.40 mag), spheroid
stellar mass (M∗ ∼ 8 × 1010 − 7 × 1012M⊙) and SMBH
mass (MBH ∼ 2× 108 − 2× 1010M⊙).
The paper is organised as follows. Data and photom-
etry for our new sample of 12 large-core galaxies are
presented in Section 2. We then discuss the analytical
models employed and multi-component decompositions
of these 12 large-core galaxies in Section 3. Accurate
structural relations for our full sample of 41 core-Se´rsic
galaxies are presented in Section 4. We go on to discuss
the stellar mass deficits, galaxy environment and forma-
tion of normal- and large-core galaxies in Section 5. Sec-
tion 6 summarizes our main conclusions. There are two
appendices at the end of this paper (Appendices A and
B). Appendix A shows the multi-component decompo-
sitions of the new major-axis surface brightness profiles
of the 12 large-core galaxies. In Appendix B we show
the spatial distribution of large-core galaxies and their
nearest neighbors.
Throughout this paper, we assume a cosmology with
H0 = 70 km s
−1 Mpc−1, ΩΛ = 0.7, and Ωm = 0.3 and
quote magnitudes in the Vega system, unless noted oth-
erwise.
2. DATA AND PHOTOMETRY
2.1. Sample Selection
We searched the literature for galaxies which were
suspected to have a core-Se´rsic break radius Rb > 0.5
kpc and with archival high-resolution Hubble Space Tele-
scope (HST) imaging. This resulted in a selected sam-
ple of 13 galaxies (see Table 1). The case of the BCG
IC 1101 is published in Dullo et al. (2017) and the re-
maining 12 galaxies consist of 9 galaxies with rγ > 0.5
kpc drawn from the Lauer et al. (2007a), 4C +74.13
(McNamara et al. 2009, rγ = 1.54 kpc), the BCG of
Abell A2261 (Postman et al. 2012, rγ = 3.95 kpc) and
the giant cD galaxy NGC 4486 (Richings et al. 2011,
Rb ∼ 0.5 kpc; Rusli et al. 2013, Rb ∼ 0.7 kpc). Ba-
sic data for the full sample of 13 galaxies are listed in
Table 1.
Fitting the ‘sharp-transition’ (α → ∞) core-Se´rsic
model to the inner 10′′ HSTACS/HRC light profiles of 23
massive galaxies, Hyde et al. (2008, their table 2) mea-
sured Rb > 0.5 kpc for 5/23 galaxies with high velocity
dispersion (σ > 350 km s−1). These five galaxies are not
included here, suspecting that the sharp-transition core-
Se´rsic model used by Hyde et al. (2008) may have caused
the break radii of the galaxies to be overestimated, as
was the case for the BCG SDSS J091944.2+562201.1.
Hyde et al. (2008) reported a large break radius of Rb ∼
1.54 kpc for this galaxy which was later found to have a
much smaller break radius (Rb ∼ 0.55 kpc) after fit-
ting a smoother transition (i.e., α ∼ 1.2) core-Se´rsic
model to the galaxy’s two-dimensional light distribution
(Bonfini & Graham 2016). After we complete the anal-
ysis in this paper, Alamo-Mart´ınez & Blakeslee (2017)
reported a large break radius of 3.8 kpc for the brightest
cluster galaxy of Abell 1689. We did not include this
galaxy in the paper.
2.2. Classification
All the galaxies in our sample except for three (NGC
1600, NGC 4486 and NGC 4874) are classified as BCGs
(Lauer et al. 2007b; Dullo et al. 2017), see Table 1. The
elliptical galaxy NGC 1600 is the brightest member of
the poor NGC 1600 group. The giant elliptical NGC
4486, which resides at the heart of the Virgo cluster, is
the second brightest galaxy in the cluster, only ∼ 0.2 mag
fainter than the cluster’s brightest elliptical galaxy NGC
4472 (McConnell et al. 2011). Akin to NGC 4486, the
giant elliptical NGC 4874 is the second brightest galaxy
sitting at the center of the Coma cluster.
2.3. Archival galaxy images and surface brightness
profiles
We used high-resolution HST imaging of the galaxies
obtained mainly in the Wide Field Planetary Camera 2
(WFPC2) F814W, Advanced Camera for Surveys (ACS)
WFC F814W/F850LP and Near Infrared Camera and
Multi-Object Spectrometer (NICMOS) NIC2 F160W fil-
ters in order to minimise the obscuring effects of dust.
HST WFPC2 F606W images were used for 2/12 galaxies
with no obvious dust absorption (NGC 4874 and NGC
4889). These HST images were all retrieved from the
Hubble Legacy Archive (HLA2) and processed through
the standard HLA data reduction pipeline. Table 2
2 https://hla.stsci.edu
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Fig. 1.— HST images of our sample of 12 massive galaxies with large break radii Rb > 0.5 kpc (Tables 2 and 3). The insets show the
contour levels in steps of 0.6 mag arcsec−2. For 4C +74.13 and A2261-BCG, we show zoomed-in regions centered on the BCGs. North is
up and east is to the left.
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lists the HST programs, instruments and filters for the
sample of 12 galaxies studied in this paper. The HST
F814W, F850LP and F160W filters are analog to the
Johnson-Cousins I-band, SDSS z-band and Johnson-
Cousins H-band filters, respectively. The full WFPC2
detector is a mosaic of three wide field cameras plus
a smaller high-resolution planetary camera, yielding a
160′′ × 160′′ L-shaped field-of-view (FOV). The mosaic
of the two ACS WFC CCD cameras covers a ∼202′′ ×
202′′ rhomboidal area. The NIC2 images have a rela-
tively smaller field of view of 19′′.2 × 19′′.2. The spatial
scales of the final processed images are 0′′.05, 0′′.05 and
0′′.1 for the ACS WFC, NICMOS NIC2 and combined
WFPC2 images, respectively (Table 2). Fig. 1 shows the
HST images for the 12 sample galaxies.
BCGs3 and the most luminous elliptical galaxies tend
to have extended, low surface brightness stellar en-
velopes, halos, (Morgan & Lesh 1965; Oemler 1974;
Schombert 1986). Therefore, the extraction of accurate
surface brightness profiles for such galaxies requires spa-
tially extended images. The high-resolution HST ACS
WFC images were sufficiently extended in radius to ro-
bustly determine the shapes of the outer parts of the light
profiles for the two farthest (D > 925 Mpc) galaxies in
our sample (4C +74.13 and A2261-BCG), Fig. 1. For one
sample galaxy (A3558-BCG), we extracted a composite
surface brightness profile from the ACS/F814W images
obtained as a part of the HST observing program 10429
under visits 17 and 21 (PI: J. Blakeslee), probing a large
range in radius (R ∼ 150′′).
For the remaining 9/12 sample galaxies (NGC 1600,
NGC 4486, NGC 4874, NGC 4889, NGC 6166, A0119-
BCG, A2147-BCG, A3562-BCG and A3571-BCG), the
high-resolution HST NICMOS, WFPC2 and ACS im-
ages were limited in radius to accurately describe the
outer part of the galaxies’ light profiles and to perform
reliable sky background subtraction (see Fig. 1). These
galaxies’ HST light profiles at small radii (i.e., typically
R . 40′′) were matched with low-resolution, ground-
based data at larger radii (R > 40′′) determined from
extended images from the SDSS4 and 2MASS archives5
(see Table 2). An exception is NGC 1600, where we
combine the high-resolution HST profile at small radii
(R . 4′′) with ground-based surface brightness profile
at large radii (R > 4′′) that was extracted by Li et al.
(2011) from extended I-band images obtained with the
du Pont 2.5 m telescope. When possible, we used
HST and ground-based images taken with similar filters.
This was not the case for NGC 1600, A3562-BCG and
A3571-BCG, where we matched light profiles extracted
from images obtained using different filters (Table 2, see
also Lauer et al. 2007b; Thomas et al. 2016). We find an
excellent overlap between the HST light profiles of the
galaxies and the corresponding ground-based data over
the R ∼ 2′′ − 60′′ radial range, except for NGC 1600
where the overlap between the HST and ground-based
data is over R ∼ 2′′ − 6′′.
The full details of our data reduction steps and the
surface brightness profile extraction techniques are given
3 For BCGs, the faint stellar envelopes are due to the intracluster
light (ICL).
4 https://www.sdss.org
5 https://irsa.ipac.caltech.edu/Missions/2mass.html
in Dullo et al. (2017, 2018). The extraction of accurate
surface brightness profiles depends on the careful mask-
ing of the bright foreground stars, low-luminosity neigh-
bouring and background galaxies, and chip defects in the
image. Initial masks were generated for the galaxies
by running SEXTRACTOR (Bertin & Arnouts 1996),
which were then complemented with manual masks. We
follow the steps in Dullo et al. (2019) to subtract the
model images of the target galaxies from the science im-
ages and to improve our initial masks. The composite
surface brightness (µ) and ellipticity (ǫ) profiles of the
full sample galaxies, extracted using the iraf task EL-
LIPSE (Jedrzejewski 1987), are available in Appendix A.
Given that we shift the ground-based profiles to the
match HST data, the composite surface brightness pro-
files are given in their respective HST filters (Fig. 1 and
Appendix A).
We quote all magnitudes in the VEGA magnitude sys-
tem.
3. LIGHT PROFILE MODELING OF BCGS AND CENTRAL
DOMINANT GALAXIES
As noted above, BCGs and the most luminous ellipti-
cal galaxies tend to exhibit faint stellar envelopes at large
radii. This is evident by a light excess in their outer light
distribution with respect to the de Vaucouleurs (1948)
R1/4 model, which is fit to the spheroidal6 components
of the galaxies (e.g., Oemler 1974; Carter 1977; Dressler
1981; Lugger 1984; Schombert 1986; Gonzalez et al.
2003, 2005; Zibetti et al. 2005).
The Se´rsic (1963, 1968) R1/n model describes the
stellar light distributions of faint and intermediate-
luminosity (MB & − 20.5 mag) spheroids (see
Dullo & Graham 2012; Dullo et al. 2016, 2019). This
model is written as
I(R) = Ie exp
{
−bn
[(
R
Re
)1/n
− 1
]}
, (1)
where Ie is the intensity at the half-light (effective) ra-
dius (Re). The quantity bn ≈ 2n − 1/3 for 1 . n . 10
(Caon et al. 1993), is expressed as a function of the Se´rsic
index n, and ensures that Re encloses half of the total
luminosity. For n = 0.5 and 1, the Se´rsic model is a
Gaussian function and an exponential function, respec-
tively.
The surface brightness profiles of luminous (MB . 20.5
mag) spheroids are well described by the core-Se´rsic
model, which is a combination of an inner power-law
core and an outer Se´rsic profile with a transition region
(Graham et al. 2003; Trujillo et al. 2004). This model,
discussed in detail in Dullo & Graham (2012), is given
by
I(R) = I ′
[
1 +
(
Rb
R
)α]γ/α
exp
[
−b
(
Rα +Rαb
Rαe
)1/(αn)]
,
(2)
with
I ′ = Ib2
−γ/α exp
[
b(21/αRb/Re)
1/n
]
, (3)
6 The term “spheroid” is used here to refer to the underlying host
galaxy in case of elliptical galaxies and the bulge for disc galaxies.
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TABLE 2
Data source
Galaxy HST Program HST Filter HST image scale Data at large radii Field of View
(arcsec pixel−1) (arcmin)
(1) (2) (3) (4) (5) (6)
NGC 1600 7886 NICMOS/F160W 0.′′05 CGS I-band 8.90 × 8.90
NGC 4486 10543 ACS/F814W 0.′′05 SDSS i-band 13.52× 9.83
NGC 4874 6104 WFPC2/F606W 0.′′10 SDSS r-band 13.52× 9.83
NGC 4889 5997 WFPC2/F606W 0.′′10 SDSS r-band 13.52× 9.83
NGC 6166 9293 ACS/F814W 0.′′05 SDSS i-band 13.52× 9.83
4C +74.13 10495 ACS/F850LP 0.′′05 — —
A0119-BCG 8683 WFPC2/F814W 0.′′10 SDSS i-band 13.52× 9.83
A2147-BCG 8683 WFPC2/F814W 0.′′10 SDSS i-band 13.52× 9.83
A2261-BCG 12066 ACS/F850LP 0.′′05 — —
A3558-BCG 10429 ACS/F814W 0.′′05 HST ACS/F814W 3.37 × 3.37
A3562-BCG 8683 WFPC2/F814W 0.′′10 2MASS J-band 8.53× 17.07
A3571-BCG 10429 ACS/F814W 0.′′05 2MASS J-band 8.53× 17.07
Notes.— Space- and ground-based imaging used for our sample of 12 extremely massive galaxies with Rb > 0.5 kpc (i.e., ‘large-core
galaxies’). Col. (1): galaxy name. Col. (2): HST programs. Program ID: GO-5997 (PI: J. Lucey); GO-6104 (PI: W. Harris); GO-7886
(PI: A. Quillen); GO-8683 (PI: R. van der Marel); GO-9293 (PI: H. Ford); GO-10429 (visits 17 and 21, PI: J. Blakeslee); GO-10495 (PI:
B. McNamara); GO-10543 (PI: E. Baltz); and GO-12066 (PI: M. Postman). Cols. (3) and (4): HST filters and image scales. Cols. (5) and
(6): data at large radii and the associated field of view. For NGC 1600, we combine the inner HST F160W/NICMOS NIC2 light profile
(R . 4′′) with the ground-based, Carnegie-Irvine Galaxy Survey (CGS) I-band data at R > 4′′ obtained using the du Pont 2.5 m
telescope (Li et al. 2011). For A3558-BCG, we used ACS/F814W images obtained as a part of the HST observing program 10429 under
visits 17 and 21 (PI: J. Blakeslee).
where Ib is intensity at the core break radius Rb, γ is the
slope of the inner power-law region, and α regulates the
sharpness of the transition between the inner power-law
core and the outer Se´rsic profile. The parameters Re and
b are defined as in the Se´rsic model.
3.1. Multi-component decomposition of large-core
galaxies
In Dullo et al. (2017), the 1D and 2D decompositions
of the high-resolution HST F702W and F450W data of
the BCG IC 1101 revealed a Se´rsic intermediate-scale
component, an outer exponential halo and an inner Gaus-
sian component that are additional to the core-Se´rsic
spheroid light distribution. This galaxy has the largest
core size measured in any galaxy to date (Rb ∼ 4.2
kpc). Following Dullo et al. (2017), we fit, here, the
major-axis surface brightness profiles of the remaining
12 “large-core” (i.e., Rb > 0.5 kpc) core-Se´rsic galaxies
(Table 1) using a point-spread function (PSF)-convolved
core-Se´rsic model. Fig. A1 shows the fit residual profiles
and the corresponding root-mean-square (rms) residual
values (∆). A single core-Se´rsic model was adequate only
for two of the 12 sample galaxies (NGC 4889 and A3558-
BCG). Additional nuclear light components (i.e., AGN
or nuclear star clusters) were identified in three sample
galaxies (NGC 4486, NGC 6166 and A2147-BCG) and
were modelled using a Gaussian or a Se´rsic model. Of
the 12 sample galaxies, nine have an outer stellar halo
light which was well described by an exponential func-
tion. We find that the light profiles for two sample galax-
ies (NGC 4874 and A3571-BCG) are well described by
a core-Se´rsic spheroid, a Se´rsic intermediate-scale com-
ponent and an outer exponential halo model. In Sec-
tion 5.3, we show that the colors for these two objects
gradually turn bluer towards larger radii, consistent with
our multi-component light profile decompositions. In ad-
dition, Veale et al. (2017) showed that the velocity dis-
persion of NGC 4874 increases outward from 240 km s−1
near the center to 350 km s−1 at R ∼ 60′′, akin to that
of the large-core galaxy IC 1101 having an intermediate-
scale component. We also note that Seigar et al. (2007)
modelled the R-band ground-based data of NGC 4874
with poor seeing conditions (∼ 1.′′5), excluding the in-
ner ∼ 3′′ data points, using a Se´rsic spheroid plus a de
Vaucouleurs stellar halo model. Due to the intermediate-
scale component of the galaxy which was missed in the
Seigar et al. (2007) modelling, their fit resulted in an in-
correct, high Se´rsic index (n = 4) for the outer exponen-
tial halo.
The best-fitting parameters are determined by itera-
tively minimizing the rms residuals using the Levenberg-
Marquardt optimisation algorithm (Dullo et al. 2017).
For each iteration, the profiles of individual model com-
ponents were convolved with the Gaussian point-spread
function (PSF) and then summed to create the fi-
nal model profile. Our PSF implementation is as in
Dullo et al. (2017). The full widths at half-maximum
(FWHMs) of the PSFs have been measured from bright
stars in the HST images of the galaxies. Trujillo et al.
(2001) noted that Moffat functions are numerically better
suited for modelling the PSFs in HST images than Gaus-
sian functions when the inner galaxy light profiles are
steep. Fitting both Gaussian and Moffat PSF-convolved
models to the HST light profiles of the BCG IC 1101
with a flat (i.e., an inner slope γ ≤ 0.05 − 0.08) de-
pleted core, Dullo et al. (2017) however showed that the
best-fitting structural parameters remain unchanged ir-
respective of the choice of PSF. This should also be the
case for the bulk (10/12) of our sample galaxies with
flat cores (i.e., γ . 0.15). While the remaining two
galaxies NGC 4486 and 4C +74.13 have γ > 0.15, our
Gaussian PSF-convolved models give excellent fits to the
galaxies’ HST profiles (Appendix A). However, we admit
the possibility that the inner Se´rsic model component of
NGC 4486 may be a poor fit to the nuclear source in the
galaxy.
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Fig. 2.— Left: comparison of our core-Se´rsic break radii (Table 3) and the cusp radii (rγ), Nuker break radii and core-Se´rsic break radii
from the literature (Lauer et al. 2007a; McNamara et al. 2009; Richings et al. 2011; Postman et al. 2012; Rusli et al. 2013; Thomas et al.
2016). For 4C +74.13, the McNamara et al. (2009) Nuker break radius is converted to rγ using their Nuker model fit parameters. The
filled (and open) boxes are the cusp (and Nuker break) radii for galaxies in common with Lauer et al. (2007a). The filled (and open)
triangle and circle denote the cusp (and Nuker break) radii for 4C +74.13 (McNamara et al. 2009) and A2261-BCG (Postman et al. 2012),
respectively (See Section 3.3). The filled hexagons are the core-Se´rsic break radii for NGC 4486 and NGC 4889 from Rusli et al. (2013),
whereas the filled diamond and star denote the core-Se´rsic break radii for NGC 1600 (Thomas et al. 2016) and NGC 4486 (Richings et al.
2011), respectively. Right: comparison of our absolute V -band spheroid magnitudes MV (Table 3) with previous spheroid magnitudes in
the literature. We adjusted the absolute magnitudes from the literature using our distances given in Table 1 (see the text for further detail).
The solid line is a one-to-one relation, while the dashed lines are MV,literature = MV,thiswork ± 0.30 mag. Symbolic representations are as
in panel (a).
3.2. Spheroid magnitudes and stellar masses
The total integrated spheroid fluxes for the sample
galaxies were computed using the best-fitting major-
axis, core-Se´rsic structural parameters and the ellip-
ticities of the spheroids (Table 3 and Fig A2). We
corrected these magnitudes for foreground Galactic
extinction using reddening values taken from NED
(Schlafly & Finkbeiner 2011). The magnitudes were
also corrected for (1+z)4 surface brightness dimming.
To compare directly with previously published mag-
nitudes (Lauer et al. 2007b; McNamara et al. 2009;
Postman et al. 2012; Dullo & Graham 2014; Dullo et al.
2017), our magnitudes are converted into the V -band
vega magnitudes (see Table 3). To achieve this, first
we extracted light profiles of five sample galaxies from
archival HST images obtained in the V -band filter or
filters closer to the V -band—NGC 4486, ACS/F606W
(GO-10543, PI: E. Baltz); NGC 6166, WFPC2/F555W
(GO-7265, PI: D. Geisler); A2261-BCG, ACS/F606W
(GO-12066, PI: M. Postman); A3571-BCG, ACS/F475W
(GO-10429, PI: J. Blakeslee); A3558-BCG, ACS/F475W
(GO-12238, PI: W. Harris). Next, the total inte-
grated magnitudes in the corresponding filters, calcu-
lated in the same manner as noted above, were con-
verted into the V -band magnitudes, when necessary
using Fukugita et al. (1995, their Table 3), see Ta-
ble 3. For the two most distant galaxies in our sam-
ple (MS0735-BCG and A2261-BCG), evolution- and K-
corrections were performed utilizing the values reported
in the literature (McNamara et al. 2009; Postman et al.
2012). Furthermore, the galaxy distances in Lauer et al.
(2007a); McNamara et al. (2009); Postman et al. (2012)
are somewhat different from those adopted here (see Ta-
ble 1). Therefore, we adjusted the magnitudes from the
literature to our distances.
We convert the spheroid luminosities (L) into stellar
masses (M∗) using stellar mass-to-light (M/L) ratios
which are obtained from Worthey (1994) assuming an
old (∼12 Gyr) stellar population (see Table 5).
3.3. Comparison to previous fits
Here, we compare the values of our core-Se´rsic Rb and
MV with those from the literature for the 12 galaxies
(Table 3) and discuss notable discrepancies (see Fig. 2).
It should be noted that this work has, for the first time,
modeled the light profiles for full sample of 12 galaxies
using a core-Se´rsic model.
In general, the core-Se´rsic break radii are in fair
agreement with the cusp radii, but there are five dis-
crepant data points (Fig. 2a). Our core-Se´rsic break
radii are (& 25%) larger than the cusp radii reported
for four galaxies in common with Lauer et al. (2007a),
NGC 4874, NGC 4889, NGC 6166 and A2147-BCG, and
for 4C +74.13 (McNamara et al. 2009). For compari-
son, the 1σ uncertainty range of Rb adopted in this
paper is 2.5%. We believe the discrepancies in the
break radii arise from differences in the (1) fitting mod-
els employed, (2) fitted radial extent of the galaxy light
profiles and (3) treatment of distinct galaxy structural
components. Our break radii are obtained from care-
ful, multi-component (halo/intermediate-scale compo-
nent/spheroid/nucleus) decompositions of spatially ex-
tended (i.e., typically R & 100′′) light profiles. In
contrast, Lauer et al. (2007a, and references therein);
McNamara et al. (2009) determined the cusp radii fit-
ting the Nuker model to their 10′′ galaxy light profiles,
without accounting for any additional light components.
As noted in the Introduction, the Nuker break
radii poorly match the core-Se´rsic break radii (see
Fig. 2a). Of the ten galaxies in common with Lauer et al.
(2007a), six (NGC 1600, NGC 6166, A2147-BCG,
8 Dullo
Fig. 3.— Core-Se´rsic fits to the major-axis surface bright-
ness profiles of 28+13(=41) core-Se´rsic galaxies (solid and dashed
curves). Filled red circles mark the core-Se´rsic break radii (Rb)
of the 28 core-Se´rsic early-type galaxies with Rb < 0.5 kpc
(Dullo & Graham 2014, their Table 2). Filled purple boxes in-
dicate the break radii for the 13 core-Se´rsic galaxies with Rb > 0.5
kpc (i.e., the 12 core-Se´rsic galaxies from this work, Table 3, plus
IC 1101, Dullo et al. 2017). Blue squares enclose the three galax-
ies (NGC 3842, NGC 1600 and NGC 4889) with directly mea-
sured SMBH masses MBH & 10
10M⊙ (McConnell et al. 2011;
Thomas et al. 2016). The dashed line is a symmetric least-squares
fit to the (Rb, µb) data set for the full sample of 41 core-Se´rsic
galaxies, while the solid line is a least-squares fit the 28 core-Se´rsic
early-type galaxies with Rb < 0.5 kpc (Dullo & Graham 2014).
The correlation between Rb and µb for the 41 core-Se´rsic galaxies
is extremely strong, with Pearson correlation coefficient r ∼ 0.97.
A3558-BCG, A3562-BCG and A3571-BCG) have Nuker
break radii that differ from our core-Se´rsic Rb by
more than 25%. Also, the Nuker break radii for
4C+74.13 (McNamara et al. 2009) and A2261-BCG
(Postman et al. 2012) are roughly 65% larger than our
Rb values. We note that the Nuker
7 break radii tend to
be bigger (smaller) than our core-Se´rsic break radii for
spheroids with a Sersic index n . 6 (n & 9).
We have also included a comparison of our
break radii with those from similar studies in the
literature which performed core-Se´rsic model fits
(Fig. 2a, NGC 4486, Richings et al. 2011; NGC 4486 and
NGC 4889, Rusli et al. 2013; NGC 1600, Thomas et al.
2016). The agreement between our core-Se´rsic break
radii and those from the literature is remarkably good,
except for the break radius of NGC 4486 (Rusli et al.
2013) which is ∼40% larger than ours. It appears that
the Rusli et al. (2013) Rb ∼ 8.′′14 and n ∼ 8.9 for
NGC 4486 are biased high due to the outer halo light
of the galaxy that was not separately modeled. While
Kormendy et al. (2009) identify excess halo light at large
radii (R ∼ 400−1000′′) with respect to their Se´rsic model
fit to the main body of the NGC 4486, Rusli et al. (2013)
fit the core-Se´rsic model to the entire radial extent (R ∼
1000′′) of the galaxy light profile from Kormendy et al.
7 The Se´rsic R1/n model can approximate a power law profile
for large values of n. This means that the surface brightness dis-
tributions of some brightest cluster galaxies (BCGs) with large n
may be well described by a core-Se´rsic model and also by a Nuker
model (e.g., see Graham et al. 2003).
(2009). We find that our R ∼ 400′′ light profile for the
galaxy is better described using a core-Se´rsic model for
spheroid plus a Gaussian function for the AGN (Fig. A1);
this fit yields Rb ∼ 5.′′80 and n ∼ 6.2.
Fig. 2b shows our magnitudes (Table 3) disagree
with those from past works (Lauer et al. 2007b;
McNamara et al. 2009; Postman et al. 2012), by typi-
cally more than ∼ 0.30 mag. Our spheroid luminosi-
ties are brighter than those from Lauer et al. (2007a)
for seven of the 10 galaxies that we have in com-
mon (NGC 1600, NGC 4486, NGC 4889, NGC 6166,
A0119-BCG, A2147-BCG and A3558-BCG). This dis-
crepancy arises primarily because all these seven galax-
ies have spheroids with n > 4 (Table 3). For ‘reg-
ular’ elliptical galaxies, Lauer et al. (2007b, their Sec-
tion 2.1) used total VT or BT galaxy magnitudes from
the Third Reference Catalogue of Bright Galaxies RC3
(de Vaucouleurs et al. 1991), which are determined by
fitting the galaxy light profiles using the de Vaucouleurs
(1948) R1/4 function (i.e., n = 4 Se´rsic model). For
BCGs, Lauer et al. (2007b) estimated the spheroid lumi-
nosities fitting the R1/4 model to the inner R . 50 kpc
light profiles and they argued that the halo light contri-
bution to the BCGs’ light profiles over the fitted radial
extents was insignificant. However, we find three BCGs
in common with Lauer et al. (2007b), A2147-BCG,
A3562-BCG and A3571-BCG, where the outer halo light
contributes inside R ∼ 50 kpc (Appendix A). This in
part has caused the Lauer et al. (2007b) spheroid mag-
nitudes for A3562-BCG and A3571-BCG to be brighter
than ours. Not surprisingly, the Lauer et al. (2007b)
spheroid magnitudes for the two galaxies in the sample
with an intermediate light component (NGC 4874 and
A3571-BCG) are brighter than ours (see Tables 3 and
4).
4. SCALING RELATIONS FOR CORE-SE´RSIC GALAXIES
Luminous early-type galaxies are known to ex-
hibit tight scaling relations involving their central
and global structural parameters (e.g., Faber et al.
1997; Dullo & Graham 2012; Rusli et al. 2013;
Dullo & Graham 2014; Thomas et al. 2016). Rusli et al.
(2013) investigated the correlation between the core-
Se´rsic break radius (Rb) and the velocity dispersion,
spheroid absolute magnitude and SMBH mass for a
sample of 23 core-Se´rsic elliptical galaxies with Rb . 0.8
kpc. In Dullo & Graham (2014), we explored a num-
ber of scaling relations involving Rb and the break
surface brightness (µb) for a sample of 28 core-Se´rsic
early-type spheroids with Rb . 0.5 kpc and −20.70
mag & MV & −23.60 mag. In this paper we combine
these 28 core-Se´rsic spheroids with Rb . 0.5 kpc and
8 × 1010 . M∗ . 1012M⊙ (henceforth ‘normal-core
spheroids’, Dullo & Graham 2014) and the 13 extremely
massive spheroids (M∗ & 10
12M⊙) with Rb & 0.5 kpc
and MV . −23.50± 0.10 mag (henceforth ‘massive
large-core spheroids’, Tables 1 and 3) to explore whether
or not extremely massive, large-core spheroids adhere
to the structural scaling relations established by the
relatively less massive, normal-core spheroids. Our
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TABLE 3
Best fitting core-Se´rsic parameters for our large-core galaxies.
Galaxy Type HST Filter µb Rb Rb γ α n Re Re ǫb Muncorr Mcorr ∆M MV,corr
(mag arcsec−2) (arcsec) (kpc) (arcsec) (kpc) (mag) (mag) (mag)
(1) (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) (12) (13) (14) (15) (16)
NGC 1600 E F160W/NICMOS 15.14 2.08 0.65 0.04 2 6.3 72.6 22.8 0.270 -26.53 -26.61 2.95 -23.66
NGC 4486 E† F814W/ACS 16.41 5.80 0.64 0.24 5 6.2 185.9 20.6 0.021 -24.86 -24.92 1.33 -23.59
NGC 4874 E† F606W/WFPC2 19.05 3.25 1.63 0.13 2 4.0 4.9 2.5 0.099 -22.06 -22.18 0.33 -21.85
NGC 4889 BCG F606W/WFPC2 17.68 1.89 0.86 0.04 2 13.3 563.9 256.7 0.065 -25.54 -25.66 0.33 -25.33
NGC 6166 BCG F814W/ACS 18.26 3.46 2.11 0.05 2 9.0 136.5 83.1 0.135 -25.80 -25.95 1.33 -24.62
4C +74.13 BCG F850LP/ACS 18.83 0.64 2.24 0.28 2 3.7 6.0 20.9 0.100 -25.00 -25.76 1.64 -24.12
A0119-BCG BCG F814W/WFPC2 17.34 0.78 0.67 0.10 5 6.8 112.5 96.1 0.074 -25.58 -25.82 1.31 -24.51
A2147-BCG BCG F814W/WFPC2 18.09 1.79 1.28 0.14 2 6.4 44.6 31.8 0.180 -24.73 -24.92 1.31 -23.61
A2261-BCG BCG F850LP/ACS 18.69 0.75 2.71 0.00 5 2.1 4.9 17.6 0.036 -25.33 -26.34 1.80 -24.54
A3558-BCG BCG F814W/ACS 18.08 1.39 1.30 0.03 2 5.4 131.9 123.7 0.029 -26.45 -26.73 1.33 -25.40
A3562-BCG BCG F814W/WFPC2 17.66 0.66 0.64 0.06 2 3.6 18.9 18.4 0.099 -24.44 -24.73 1.31 -23.42
A3571-BCG BCG F814W/ACS 18.56 1.70 1.33 0.01 2 10.2 68.9 53.8 0.062 -24.47 -24.72 1.37 -23.35
Notes.— Structural parameters from the core-Se´rsic model fits to the major-axis surface brightness profiles of the spheroids of our large-
core galaxies. Col. (1) galaxy name. The superscript ‘†’ indicates the two second brightest cluster elliptical galaxies in the sample.
Col. (2) morphological type. Col. (3) HST filters and instruments. Cols. (4−11) best-fitting core-Se´rsic model parameters. Col. (12)
galaxy ellipticity at the break radius Rb. Col. (13) spheroid absolute magnitudes derived using our fit parameters (cols. 4−11). Spheroid
magnitudes corrected for Galactic dust extinction using NED (Schlafly & Finkbeiner 2011), and (1 + z)4 surface brightness dimming
are given in col. (14). For 4C +74.13 and A2261-BCG, we also carried out evolution- and K-corrections using the values taken from
McNamara et al. (2009) and Postman et al. (2012), respectively. Col. (15) ∆M=(HST filter)-V . Col. (16) corrected, V -band spheroid
absolute magnitude. We estimate that the uncertainties on the core-Se´rsic parameters Rb, γ, n and Re are ∼ 2.5%, 10%, 20% and 25%,
respectively. The uncertainty on µb is ∼ 0.02 mag arcsec
−2. These errors on the fit parameters were estimated following the techniques in
Dullo et al. (2019, their Section 3.1).
TABLE 4
Parameters associated with additional light components
Galaxy HST Filter µ0,h/µe,S h/Re,S nS ǫh/ǫS mpt mh,uncorr/mS,uncorr Mh,corr/MS,corr MV,h/MV,S
(mag arcsec−2) (arcsec) (mag) (mag) (mag) (mag)
(1) (2) (3) (4) (5) (6) (7) (8) (9) (10)
NGC 1600 F160W/NICMOS 20.14/— 29.1/— — 0.30/— — 11.21/ -22.97/ -20.02/—
NGC 4486 F814W/ACS —/— —/— — —/— 15.9 —/— —/— —/—
NGC 4874 F606W/WFPC2 23.56/23.2 175.3/46.5 0.80 0.2/0.00 — 10.59/12.48 -24.67/-22.78 -24.34/-22.45
NGC 4889 F606W/WFPC2 —/— —/— — —/— — —/— —/— —/—
NGC 6166 F814W/ACS 23.22/13.44 110.2/0.02 0.66 0.40/0.00 — 11.57/19.60 -24.16/-16.12 -22.83/-14.79
4C 74.13 F850LP/ACS 23.53/— 43.3/— — 0.50/— — 14.11/— -26.49/— -24.85/—
A0119-BCG F814W/WFPC2 23.24/— 82.4/— — 0.32/— — 12.08/— -24.50/— -23.19/—
A2147-BCG F814W/WFPC2 22.75/— 85.1/— — 0.50/— 20.2 11.86/ -24.27/— -22.96/—
A2261-BCG F850LP/ACS 22.30/— 20.7/— — 0.20/— — 13.97/— -26.95/— -25.15/—
A3558-BCG F814W/ACS —/— —/— — —/— — —/— —/— —/—
A3562-BCG F814W/WFPC2 22.22/— 68.9/— — 0.50/— — 11.79/— -25.16/— -23.85/—
A3571-BCG F814W/ACS 21.17/21.05 373.0/25.3 0.54 0.60/— — 7.31/12.23 -29.08/-24.16 -27.71/-22.79
Notes.—Structural parameters for additional light components. Col. (1) galaxy name. Col. (2) HST filters and instruments. Cols. (3-5)
best-fitting parameters of the exponential halo/Se´rsic model component. Cols. (6) ellipticity of the halo/Se´rsic model component. Col. (7)
apparent magnitude of the nucleus. Col. (8) apparent halo/Se´rsic magnitude derived using our best-fitting exponential/Se´rsic model
parameters (cols. 3 − 6). Col. (9) absolute halo/Se´rsic model component magnitude corrected for Galactic dust extinction and (1 + z)4
surface brightness dimming. For 4C +74.13 and A2261-BCG, we also carried out evolution- and K-corrections using the values taken
from McNamara et al. (2009) and Postman et al. (2012), respectively. Col. (10) corrected, V -band halo/Se´rsic model component absolute
magnitude.
41(=28+13) galaxies represent the hitherto largest sam-
ple of core-Se´rsic galaxies with detailed multi-component
decompositions of the high-resolution, extended light
profiles.
4.1. Structural correlations with the core’s size:
large-core versus normal-core spheroids
Fig. 3 shows a compilation of major-axis core-Se´rsic
model profiles for the 41 core-Se´rsic spheroids (see also
Appendix A). Also shown in this figure is a strong cor-
relation between Rb and µb with Pearson correlation co-
efficient r ∼ 0.97 (see also Faber et al. 1997; Lauer et al.
2007b). We find that our massive large-core spheroids
follow the tight Rb − µb sequence defined by the rela-
tively less massive normal-core spheroids (Table 6).
In Fig. 4 we expand on Fig. 6a from Dullo & Graham
(2014) and plot the relation between the core-Se´rsic
break radius (Rb) and V -band spheroid absolute magni-
tude (MV). The dashed and solid lines are ordinary least
squares (OLS) bisector regression fits (Feigelson & Babu
1992) to the (Rb,MV) data set for the full sample of 41
core-Se´rsic spheroids and the 28 normal-core spheroids,
respectively. Because our full galaxy sample spans a
wider range inMV than that of Dullo & Graham (2014),
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Galaxy HST Filter M/Llog (M∗/M⊙) log (M∗/M⊙) log (Ldef/L⊙)log (Mdef/M⊙)log (MBH/M⊙)log (MBH/M⊙)log (MBH/M⊙) Mdef/MBH
(spheroid ) (halo/Se´rsic comp) (σ-based) (L-based) (Rb-based) (σ-based/L-based/Rb-based)
(1) (2) (3) (4) (5) (6) (7) (8) (9) (10) (11)
NGC 1600 F160W [N] 1.60 12.18 10.73 10.49 10.67 10.23+0.04−0.04[d1] 10.23
+0.04
−0.04[d1] 10.23
+0.04
−0.04[d1] 2.8/2.8/2.8
NGC 4486 F814W [A] 3.20 12.12 — 9.96 10.46 9.76+0.03−0.03[d2] 9.76
+0.03
−0.03[d2] 9.76
+0.03
−0.03[d2] 5.1/5.1/5.1
NGC 4874 F606W [W] 3.80 11.32 12.31/11.56 10.23 10.81 8.91+0.42−0.42 8.98
+0.34
−0.34 10.54
+0.45
−0.45 79.8/67.6/1.9
NGC 4889 F606W [W] 3.80 12.71 — 10.39 10.97 10.30 +0.25−0.62[d3] 10.3
+0.25
−0.62[d3] 10.3
+0.25
−0.62[d3] 4.7/4.7/4.7
NGC 6166 F814W [A] 3.20 12.53 11.81/8.60 10.71 11.21 9.14+0.43−0.43 10.47
+0.47
−0.47 10.68
+0.46
−0.46 117.3/5.5/3.4
MS0735-BCGF850LP [A] 3.00 12.38 12.67 10.33 10.81 8.61+0.41−0.41 10.20
+0.43
−0.43 10.71
+0.46
−0.46 157.0/4.1/1.3
A0119-BCG F814W [W] 3.20 12.49 11.97 9.66 10.17 9.04+0.43−0.43 10.41
+0.46
−0.46 10.08
+0.42
−0.42 13.5/0.6/1.2
A2147-BCG F814W [W] 3.20 12.13 11.87 10.23 10.74 8.95+0.42−0.42 9.93
+0.40
−0.40 10.42
+0.44
−0.44 61.2/6.4/2.1
A2261-BCG F850LP [A] 3.00 12.61 12.86 10.17 10.65 9.73+0.48−0.48 10.43
+0.48
−0.48 10.81
+0.45
−0.45 8.2/1.7/0.7
A3558-BCG F814W [A] 3.20 12.84 — 10.13 10.63 8.70+0.41−0.41 10.89
+0.54
−0.54 10.43
+0.44
−0.44 85.7/0.6/1.7
A3562-BCG F814W [W] 3.20 12.06 12.23 9.62 10.12 8.59+0.41−0.41 9.83
+0.39
−0.39 10.05
+0.42
−0.42 34.6/2.0/1.2
A3571-BCG F814W [A] 3.20 12.04 13.78/11.81 10.25 10.76 9.31+0.44−0.44 9.79
+0.39
−0.39 10.44
+0.43
−0.43 28.0/9.3/2.1
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TABLE 6
Scaling relations for core-Se´rsic galaxies
Relation OLS bisector fit ∆
This work (12 galaxies) + Dullo et al. (2017, 1 core-Se´rsic galaxy, IC 1101) + Dullo & Graham (2014, 28 core-Se´rsic galaxies)
Rb − µb log
(
Rb
pc
)
= (0.38 ± 0.02) (µb − 17.50) + (2.45 ± 0.03) 0.18 dex
Rb −MV log
(
Rb
pc
)
= (−0.55 ± 0.05) (MV + 23.4) + (2.65 ± 0.09) 0.47 dex
Rb −MBH (11 direct MBH masses) log
(
Rb
pc
)
= (0.83 ± 0.10) log
(
MBH
109.30M⊙
)
+ (2.18 ± 0.08) 0.24 dex
Rb −MBH (M − σ derived MBH for 30 galaxies log
(
Rb
pc
)
= (1.19 ± 0.14) log
(
MBH
109.30M⊙
)
+ (2.64 ± 0.13) 0.61 dex
plus 11 direct MBH masses)
Rb −MBH (M − L derived MBH for 30 galaxies log
(
Rb
pc
)
= (1.05 ± 0.09) log
(
MBH
109.85M⊙
)
+ (2.66 ± 0.09) 0.44 dex
plus 11 direct MBH masses)
σ −MV log (σ) = (−0.08± 0.01) (MV + 23.40) + (2.49 ± 0.02) 0.09 dex
MV −Re MV = (−2.32 ± 0.19) log
(
Re
2×104.00pc
)
+ (−23.19 ± 0.12) 0.70
MV − n MV = (−4.13 ± 1.87) log
(
n
5.0
)
+ (−22.70 ± 0.21) 1.25
Dullo & Graham (2014, 28 core-Se´rsic galaxies)
Rb − µb log
(
Rb
pc
)
= (0.41 ± 0.04) (µb − 16.00) + (1.86 ± 0.04) 0.18 dex
Rb −MV log
(
Rb
pc
)
= (−0.45 ± 0.05) (MV + 22) + (1.79 ± 0.06) 0.30 dex
Rb −MBH (M − σ derived MBH for 23 galaxies log
(
Rb
pc
)
= (0.80 ± 0.10) log
(
MBH
109M⊙
)
+ (2.01 ± 0.05) 0.27 dex
plus 8 direct MBH masses)
Rb −MBH (M − L derived MBH for 23 galaxies log
(
Rb
pc
)
= (0.79 ± 0.08) log
(
MBH
109M⊙
)
+ (1.75 ± 0.06) 0.27 dex
plus 8 direct MBH masses)
Relation OLS bisector fit r
Σ5 − Rb (for 9 large-core galaxies excluding log (Σ5) = (1.51 ± 0.47) log
(
Rb
pc
)
+ (0.78 ± 0.11) 0.54
the large-core, group galaxya and the three
distant, D& 360 Mpc, sample large-core galaxies)
Σ10 −Rb (for 10 large-core galaxies excluding log (Σ10) = (1.61± 0.73) log
(
Rb
pc
)
+ (1.05 ± 0.15) 0.32
the three distant, D& 360 Mpc, sample
large-core galaxies)
Notes.—Scatter in the vertical direction (∆). Pearson correlation coefficient (r).
aIf we include the only sample large-core, group galaxy NGC 1600 (with a low Σ5 value ∼ 0.31 Mpc−2, see Figs. 10 and A2),
then for the 10 large-core galaxies the OLS bisector finds a relation between Σ5 and Rb with a slope of 2.40 ± 1.03, an intercept
of 0.68 ± 0.17 and r ∼ 0.57.
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Fig. 4.— The correlation between the core-Se´rsic break radius
(Rb) and V -band spheroid absolute magnitude (MV ) for our sam-
ple of 41 core-Se´rsic galaxies. Filled red circles and disk sym-
bols show the 23 core-Se´rsic elliptical galaxies and 5 core-Se´rsic S0
galaxies, respectively, with Rb < 0.5 kpc (Dullo & Graham 2014,
their Table 2), while filled purple boxes indicate the 13 core-Se´rsic
galaxies with Rb > 0.5 kpc (i.e., the 12 core-Se´rsic galaxies from
this work, Table 3, plus IC 1101, Dullo et al. 2017). The horizon-
tal, dashed-dotted line indicates the Rb = 0.5 kpc demarcation.
The dashed line is a symmetric least-squares fit to the 41 core-
Se´rsic galaxies, while the solid line is a symmetric OLS fit to the 28
‘normal-core’ galaxies (Dullo & Graham 2014). The shaded region
shows the 1σ uncertainty on the regression fit. Pearson correlation
coefficient (r) and representative error bars for the 41 core-Se´rsic
galaxies are shown at the bottom.
the new, well constrained Rb − LV relation for the full
sample (Rb ∝ L
1.38±0.13
V ) has a slope ∼ 22% steeper
than the near-linear relation for the normal-core galax-
ies alone (Rb ∝ L
1.13±0.13
V , Dullo & Graham 2014). It
is worth noting that the larger cores of extremely mas-
sive galaxies are consistent with these galaxies’ extremely
bright spheroid magnitudes (MV . −23.50± 0.10 mag),
although the inclusion of the 13 large-core galaxies has
increased the vertical rms scatter around the Rb−LV re-
lation in the log Rb direction (∆) by 57%, ∆normal−core ∼
0.30 dex and ∆full sample ∼ 0.47 dex (see Table 6). For
reference, the slopes of the Rb−LV relations published by
Faber et al. (1997); Laine et al. (2003); de Ruiter et al.
(2005); Lauer et al. (2007b); Rusli et al. (2013) are 1.15,
0.72, 1.05 ± 0.10, 1.32 ± 0.11, and 1.28 ± 0.18.
Finally, in Figs. 5, 6(a) and 6(b) we investigate whether
there is an offset or break in the Rb −MBH relation due
to normal-core versus large-core spheroids. Of the full
sample, 11/44 (3 large-core and 8 normal-core) galaxies
have SMBH mass determined dynamically from stellar
or gas kinematic measurements (e.g. Ferrarese & Ford
2005; see Table 5 and Dullo & Graham 2014, their Ta-
ble 4). We refer to such SMBH masses as ‘direct’
SMBH masses. The OLS bisector finds a remark-
ably tight Rb −MBH,direct relation for these 11 galaxies
(Rb ∝M
0.83±0.10
BH,direct , r ∼ 0.92 and ∆ ∼ 0.24 dex, see Fig. 5).
Fig. 5.— Similar to Fig. 4, but showing here the correlation
between core-Se´rsic break radius (Rb) and SMBH mass (MBH) for
11 galaxies in our sample with directly measuredMBH. The dashed
line shows our symmetric OLS fit.
Although we only have 11 galaxies with direct SMBH
masses, the Rb−MBH,direct relation found here is in excel-
lent agreement with the core-Se´rsic Rb−MBH,direct rela-
tion reported by Thomas et al. (2016, Fig. 4) for 20 core-
Se´rsic galaxies with direct SMBH mass measurements:
log (Rb/pc) = (0.85 ± 0.10) log (MBH/109.30) + (2.17
± 0.45). This strongly suggests that the Rb −MBH,direct
relation (Table 6) is well constrained.
However, combining these 11 direct SMBH masses
with predicted SMBHs for the remaining 30 galaxies
without direct SMBH mass measurements, we find that
large-core spheroids are offset systematically from the
Rb −MBH,direct relation defined by the galaxy sam-
ple with measured MBH (dotted lines) and from the
Rb −MBH sequence traced by the normal-core spheroids
alone (solid lines, Figs. 6(a), 6(b) and Table 6). The
slopes of the Rb − MBH relations for the normal-core
spheroids are different from those for the full sample (see
Table 6). In Fig. 6(a), we used the Graham & Scott
(2013, their Table 3) non-barred MBH − σ relation to
predict the black hole masses for the remaining 30 galax-
ies without direct SMBH masses, while in Fig. 6(b)
the predicted SMBH masses were based on the near-
linear Graham & Scott (2013, their Table 3) B-band
core-Se´rsic MBH − L relation transformed here into the
V -band using B − V = 1.0 (Fukugita et al. 1995). The
offset nature of large-core spheroids at the high-mass
end of the Rb − MBH relations (Figs. 6a and 6b) sug-
gest that either extremely massive galaxies have un-
usually large break radii or the MBH − σ and core-
Se´rsic MBH − L relations underestimate SMBH masses
in extremely massive galaxies, or both cases are true.
However, given the tight Rb − µb, Rb−LV and Rb −
MBH,direct relations (Figs. 3, 4 and 5), the observed
offsets are likely due to underestimated SMBH masses
(e.g., McConnell et al. 2011, 2012; Volonteri & Ciotti
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Fig. 6.— Similar to Figs. 4 and 5, but shown here are correlations between the core-Se´rsic model break radius, Rb, (Table 3 and
Dullo & Graham 2014, their Table 2) and SMBH mass, MBH, (Table 5 and Dullo & Graham 2014, their Table 4). The dotted line is our
best OLS fit to the 11 galaxies with dynamically determined SMBH masses (enclosed in boxes, see also Fig. 5). For the remaining 30
galaxies, the SMBH masses are estimated using the Graham & Scott (2013) non-barred MBH−σ relation (a) and their B-band core-Se´rsic
MBH − L relation (b).
Fig. 7.— Similar to Fig. 4, but showing here the correlation be-
tween σ andMV (Faber & Jackson 1976). The vertical dotted lines
indicate the MV = −21.0 mag and MV = −23.50 mag demarca-
tions, corresponding to the Se´rsic versus core-Se´rsic and normal-
core versus large-core divides, respectively. The horizontal dashed-
dotted line indicates the velocity dispersion function cutoff for lo-
cal galaxies of σ = 400 km s−1 (e.g., Sheth et al. 2003; Lauer et al.
2007b; Bernardi et al. 2007). The Se´rsic and core-Se´rsic galaxies
from Lauer et al. (2007b), shown here to better reveal the breaks
in the σ − L relation, are not included in the least-squares fits.
2013; Thomas et al. 2016; Mezcua et al. 2018). In-
deed, the direct SMBH measurements in three large-core
galaxies (NGC 1600, Thomas et al. 2016, NGC 4889,
McConnell & Ma 2013 and Holm 15A, Mehrgan et al.
2019) reveal that, relative to the best-fitting MBH − σ
relation, these galaxies are offset by 0.7− 1 dex towards
large MBH.
Also, combining the Rb−LV relation (Fig. 4) with
the Rb − MBH,direct (Fig. 5) results in a steeper
MBH − L relation (MBH ∝ L
1.66±0.25
V , see Table 6) than
the Graham & Scott (2013) B-band core-Se´rsicMBH−L
Fig. 8.— Similar to Fig. 4, but shown here are correlations be-
tween V -band spheroid absolute magnitude and effective radius
Re (a) and Se´rsic index n (b). For the LV − Re relation (a), the
dashed line is a symmetric least-squares fit to the 36(=41-5) core-
Se´rsic galaxies after excluding the 5 S0 galaxies in the sample, while
the solid line is a symmetric least-squares fit to the 23 normal-core
elliptical galaxies (Dullo & Graham 2014). For the LV − n rela-
tion (b), we show a symmetric least-squares fit to full sample of 41
core-Se´rsic galaxies (dashed line).
relation (MBH ∝ L
1.35±0.30
B ), although the slopes of these
two relations are consistent within the 1σ uncertainty.
Extrapolating the Rb − MBH,direct relation (Fig. 5) to
high masses, we find that the MBH−L relation is a bet-
ter predictor ofMBH than theMBH−σ relation for BCGs
and central dominant galaxies, confirming the finding by
other authors (Bernardi et al. 2007; Lauer et al. 2007b;
McConnell et al. 2011, 2012; Volonteri & Ciotti 2013;
Mezcua et al. 2018; Phipps et al. 2019).
4.2. Global structural relations for core-Se´rsic galaxies
In a continued endeavor to determine if the scaling rela-
tions for normal-core spheroids continue to the large-core
spheroids, here we investigate global structural relations
involving MV , the effective (half-light) radius (Re) and
the Se´rsic index (n) for our full sample of 41 core-Se´rsic
spheroids.
4.2.1. σ − LV
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In Fig. 7, we show the σ − LV relation
(Faber & Jackson 1976) relation for core-Se´rsic
spheroids. The OLS bisector yields σ ∝ L
1/(5.00±0.60)
V for
the 41 core-Se´rsic spheroids, compared to the well-known
(Faber & Jackson 1976) relation (σ ∝ L1/4). It has been
shown that bright core-Se´rsic galaxies follow a shallow
σ−L relation σ ∝ L1/(4−8) (e.g., Malumuth & Kirshner
1981; Lauer et al. 2007b; Kormendy & Bender 2013;
Sahu et al. 2019), whereas Se´rsic galaxies with low
luminosities (MV & −21.5 mag) define a steeper relation
σ ∝ L1/2 (e.g., Held et al. 1992; Matkovic´ & Guzma´n
2005), see Fig. 7. We have identified here a previously
unreported substructure in the σ −LV relation for core-
Se´rsic spheroids. This relation seems to have a break
at MV ∼ −23.50± 0.10 mag8(Fig. 7). At magnitudes
brighter than this transition MV value, the relation
flattens and exhibits larger scatter which may suggest a
breakdown. The slope of our σ − L relation for the full
sample (1/(5.00 ± 0.63)) is shallower than that found
for the normal-core spheroids alone (1/(3.50± 0.61)). In
Fig. 7, we also show Se´rsic and core-Se´rsic galaxies from
Lauer et al. (2007b) to better demonstrate the breaks in
the σ − LV relation but these data points (Lauer et al.
2007b) are not included in the least-squares fits. The
σ − LV relation for Se´rsic, normal-core and large-core
core-Se´rsic galaxies will be investigated in a forthcoming
paper.
Our finding is consistent with the notion that major,
dry mergers add the stellar mass, black hole mass and
sizes in equal proportion while increasing the velocity dis-
persion only slightly (see also Section 4.2.2). In general,
the velocity dispersion for local galaxies does not exceed
σ ∼ 400 km s−1 (Sheth et al. 2003; Lauer et al. 2007b;
Bernardi et al. 2007). As such, the luminosity of large-
core galaxies, which are thought to have undergone mul-
tiple successive dry mergers, would be unusually bright
for the galaxies’ σ, compared to the normal-core galax-
ies. We agree with Bernardi et al. (2007) who found that
BCGs follow a shallower σ−L relation than most (other)
early-type galaxies (see also Oegerle & Hoessel 1991;
Boylan-Kolchin et al. 2006). In contrast, Lauer et al.
(2007b, their eq. 7) and Kormendy & Bender (2013)
advocated for a single power-law relation for BCGs
and other bright ellipticals with MV . −20.5 mag.
However, the break in the σ − L relation near
MV ∼ −23.50± 0.10 can easily be seen in Fig. 7 and
Kormendy & Bender (2013, their Figs. 1 and 2). In
fact Kormendy & Bender (2013) wrote that their core
and coreless galaxies overlap over the luminosity range
−20.50 mag > MV > −22.85 mag. As such their shal-
low core-Se´rsic σ − LV relation (σ ∝ L
1/(8.33±1.24)
V ) is
mainly driven by galaxies with MV . −22.85 mag.
4.2.2. LV −Re and LV − n
In Figs. 8(a) and 8(b), we investigate the behaviour
of MV as a function of the effective radius (Re) and
Se´rsic index (n), Table 6. As noted by Dullo & Graham
(2014), for a givenMV the spheroids of core-Se´rsic lentic-
ular galaxies tend to be compact (Re . 2 kpc), see also
8 Assuming an old stellar population of M/LV = 5.6, MV ∼
−23.50± 0.10 mag yields a stellar mass of M∗ ∼ 1.2× 1012M⊙ for
MV,sun = 4.83 mag.
Dullo & Graham (2013); Graham (2013); Graham et al.
(2015); de la Rosa et al. (2016). Excluding the 5 lentic-
ular galaxies in our sample, we find that large-core and
normal-core spheroids follow the same tight correlation
between LV and Re. A symmetrical OLS fit to the
36(=41−5) core spheroids gives a near-linear LV − Re
relation Re ∝ L
1.08±0.09
V with r ∼ −0.85; our slope is
slightly steeper than the L − Re relation for BCGs in
Bernardi et al. (2007) Re ∝ L0.88.
We find a much weaker correlation between MV and n
for our 41 core-Se´rsic spheroids. A symmetrical OLS fit
finds LV ∝ n1.65±0.75 with r ∼ −0.30 (Table 6). Inter-
estingly, however, the MBH − n relation that we derive
combining our LV − n, Rb − LV and Rb −MBH,direct
relations for the full sample (MBH ∝ n2.75±1.31) has a
slope which is consistent with those of the relations
in Graham & Driver (2007, slope ∼ 2.68 ± 0.40) and
Davis et al. (2019, slope ∼ 2.69± 0.33).
5. DISCUSSION
5.1. Central stellar mass deficit
The central stellar mass deficits in core-Se´rsic
spheroids (Mdef) are useful to explain if the large cores of
BCGs and central dominant galaxies reflect the actions
of overmassive SMBHs or intense core scouring via large
amount of galactic merging or a combination of both.
As mentioned in the introduction, the favoured mecha-
nism for the creation of central stellar mass deficits is the
three-body encounters of the core stars with the inspi-
raling binary SMBHs that form from dry major mergers
(Begelman et al. 1980; Ebisuzaki et al. 1991; Faber et al.
1997; Milosavljevic´ & Merritt 2001; Milosavljevic´ et al.
2002). Using of N -body simulations, Merritt (2006) first
revealed that the accumulated stellar mass deficit that
is generated by binary SMBHs after N numbers of suc-
cessive dry major mergers scales as Mdef ≈ 0.5NMBH,
where MBH is the total sum of the masses of the binary
SMBHs.
In order to derive the central stellar mass deficits for
the large-core galaxies, we follow the same prescription
in Dullo & Graham (2014); Dullo et al. (2017, 2018).
The central stellar luminosity deficit (Ldef) is com-
puted as the difference in luminosity between inwardly-
extrapolated outer Se´rsic profile of the complete core-
Se´rsic model fit to the spheroid (Eq. 1) and the core-
Se´rsic model itself (Eq. 2). For each galaxy this lumi-
nosity deficit is converted into Mdef using the stellar
mass-to-light ratios (M/L) given in Table 5. We mea-
sure stellar mass deficits for the large-core galaxies that
are Mdef & 10
10M⊙, larger than those for normal-core
galaxies Mdef . 10
10M⊙ except for NGC 5419. The
brightest cluster galaxy, NGC 5419, of the poor cluster
Abell S753 is a normal-core galaxy with Rb ∼ 416 pc
and Mdef ∼ 2.3× 1010M⊙ (Dullo & Graham 2014).
Fig. 9 shows the mass deficits as a function of directly
measured or predicted SMBH masses. For the 11 core-
Se´rsic galaxies in the sample with directly measuredMBH
we find Mdef ∼ 0.5 − 5 MBH, consistent with spheroid
formation via a reasonably large number of dry major
merger events (1−10, Merritt 2006). This figure is con-
sistent with Mdef/MBH ratio we find for the normal-core
galaxies without direct MBH; using SMBH masses pre-
dicted based on the MBH − σ relation (Dullo & Graham
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Fig. 9.— Central mass deficit (Mdef) plotted as a function of black hole mass (MBH). For 11 galaxies enclosed in boxes, we used their
dynamically determined SMBH masses (Table 5 and Dullo & Graham 2014, their Table 4). For NGC 1399, we plot two direct SMBH mass
measurements. For the remaining 30 galaxies the SMBH masses were estimated using theM−σ (filled disks, filled circles and filled stars) or
M−L relations (open crosses). All 13 large-core galaxies shown in purple (filled boxes, filled stars and open crosses) have Mdef & 10
10M⊙,
whereas the normal core galaxies (filled red circles and blue disks) typically have Mdef . 10
10M⊙. A representative error bar is shown at
the bottom of the panel.
2014, their Table 4) gives Mdef ∼ 0.5 − 4 MBH,σ−based.
Our findings also agree with previous work which de-
rived Mdef ∼ 0.5 − 4 MBH for normal-core galaxies us-
ing similar methods (e.g., Graham 2004; Ferrarese et al.
2006; Rusli et al. 2013; Dullo & Graham 2013, 2014;
Dullo et al. 2018) and with Hopkins & Hernquist (2010)
who calculatedMdef via a model-independent analysis of
the light profiles, rather than determining the difference
in luminosity between a Se´rsic fit and a core-Se´rsic fit as
done here, finding Mdef ∼ 2 MBH. Our results can also
be compared with studies which estimated the merger
rates for massive galaxies from observations of close
galaxy pairs, finding that massive galaxies have under-
gone 0.5 to 4 major mergers since z ∼ 3 (e.g., Bell et al.
2006; Conselice 2007; Liu et al. 2009; Edwards & Patton
2012; Bluck et al. 2012; Lidman et al. 2013; Man et al.
2016; Mundy et al. 2017; Duncan et al. 2019).
Of particular importance here is that the large-core
galaxies without direct MBH have predicted SMBH
masses (MBH,σ−based and MBH,L−based) that are under-
massive for their stellar mass deficits (Fig. 9 and Ta-
ble 5). This echos the offset nature of the predicted
SMBH masses of large-core spheroids shown in Fig. 6.
We find Mdef ∼ (10 − 160) MBH,σ−based and Mdef ∼
(2−70)MBH,L−based. These figures correspond to unreal-
istically high number of major dry mergers (N ∼ 5−320)
for the bulk (∼ 70%) of the large-core spheroids. We ar-
gue that the excessive merger rates have arisen because
theMBH−σ andMBH−L relations significantly underes-
timate the SMBH masses for large-core galaxies (see Sec-
tion 4.1). On the other hand, the Rb−MBH,direct relation
for the core-Se´rsic spheroids (Fig. 5) is such that the pre-
dicted SMBH masses for the large-core spheroids based
on Rb are typically a factor of 1.7−4.5 (and 10−43), i.e.,
∼ 0.6−1.7σ (and ∼ 3.7−15.6σ), larger than expectations
from the spheroid L (and σ), Table 5. If we use these Rb
based SMBH masses then the derived number of major,
dry mergers for large-core galaxies would be N ∼ 2 − 7
(Table 5), in good agreement with observations and the-
oretical expectations in a hierarchical Universe.
It is worthwhile noting that enhanced core scouring can
occur due to a gravitational radiation-recoiled SMBH9
(e.g., Redmount & Rees 1989; Boylan-Kolchin et al.
2004; Merritt et al. 2004; Gualandris & Merritt 2008).
While substantial SMBH recoiling events would lower
the inferred merger rates by a few, this process does not
account for the unrealistically high values of N quoted
above. We also note the binary SMBH core scouring
scenario assumes that the SMBH binaries coalesce in
most merged galaxies via the emission of gravitational
wave. The alternative scenario is multiple SMBH sys-
tems form (e.g., Liu et al. 2019), generating large stel-
lar mass deficits due to the gravitational sling-shot ejec-
tion of the SMBHs (Kulkarni & Loeb 2012). This pro-
cess would lead to a smaller SMBH mass, at odds with
the tight Rb −MBH correlation for core-Se´rsic spheroids
(Fig. 4). Furthermore, in Section 5.2, we also show the
excessive merger rates cannot be explained by the galaxy
9 Interested readers are referred to Section 5.4 of
Dullo & Graham (2014) and Section 6.1 of Dullo & Graham
(2013) for further discussions on alternative mechanisms for the
formation of enhanced depleted cores.
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Fig. 10.— Comparison of environmental measures (Σ5 and Σ10)
with the number of major dry mergers N (≈ 2Mdef/MBH, Merritt
2006) (a) and break radius Rb (b) for our 9 large-core galaxies, ex-
cluding two of the three most distant sample galaxies in our sample
with D & 360 Mpc (A2261-BCG and IC 1101, grey points) and the
BCG 4C +74.13 with no robust data for its nearest neighbours in
NED (Table 1). We use N derived using MBH,L−based or direct
MBH when available. Σ5 which is based on 5 nearest neighbour
galaxies with MB . −19.5 mag is less affected by distance than
Σ10 calculated using 10 nearest neighbours with MB . −18 mag.
Overall, the galaxy merger rate exhibits no significant dependence
the environment estimates (see the text). On the other hand, large-
core galaxies in high-density regions tend to exhibit larger depleted
cores than those in relatively low-density environments.
environment.
5.2. Impact of environment on the break radius and
galaxy merger rate
Given the rarity of large-core galaxies, it is of inter-
est to explore the impact of the environment on their
break radii and major merger histories. All the large-
core galaxies in our sample except for three (NGC 1600,
NGC 4486 and NGC 4874) are classified as BCGs (Sec-
tion 2.2). NGC 1600 is the brightest member of the poor
NGC 1600 group, whereas NGC 4486 and NGC 4874 are
the second brightest cluster galaxies sitting at the centre
of their host clusters.
Following Cappellari et al. (2011, their Section 3.1),
we make use of two parameters (Σ5 and Σ10) to ob-
tain an estimate of the galaxy environment. The sur-
face density Σ10 is defined as Ngal/(πR
2
10), where R10
is the radius, centred on a large-core galaxy, that en-
closes the 10 nearest neighbours with MB . −18.0
mag and the relative recession velocity of the galax-
ies |Vhel,large−core − Vhel,neighbour| < 300 km s−1. Sim-
ilarly, Σ5=Ngal/(πR
2
5), where R5 is the radius cen-
tred on a large-core galaxy enclosing the 5 near-
est neighbours with MB . −19.5 mag and
|Vhel,large−core − Vhel,neighbour| < 300 km s−1. The near-
est neighbour identification, recession velocities (Vhel) are
based on NED, while the B-band absolute galaxy mag-
nitudes are from Hyperleda. We excluded the large-core
galaxy 4C +74.13 with no robust data for its nearest
neighbours in NED. The caveat here is that galaxies with
MB & −19.5 mag may be too faint for detection at the
distances of 4C +74.13 (D ∼ 925 Mpc), A2261-BCG (D
∼ 959 Mpc) and IC 1101 (D ∼ 363 Mpc), see Figs. 10,
11 and Appendix B. Therefore, we caution that A2261-
BCG and IC 1101 can be biased toward having brighter
nearest neighbours and low Σ10, compared to the other
large-core galaxies with D . 213 Mpc (see Appendix B).
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Fig. 11.— Histograms of absolute B-band galaxy magnitudes
(MB, Hyperleda) of the 10 nearest neighbours (with MB . −18
mag) for six large-core galaxies (NGC 4486, NGC 6166, A0119-
BCG, A2147-BCG, A3558-BCG and IC 1101), Table 1. These six
galaxies have representative break radii for the large-core galaxy
population, allowing us to explore the trend between the break
radii of large-core galaxies (Rb) and the luminosities of their 10
nearest neighbours. Large-core galaxies with brighter neighbours
appear to have larger depleted cores.
Fig. 10 shows the trends between environmental mea-
sures (Σ5 and Σ10) and (a) number of major dry mergers
N and (b) break radius Rb for the 12 large-core galaxies
in our sample (see also Appendix B). The values of N
were derived using L-based SMBH masses (MBH,L−based)
or direct MBH when available (see Table 5). Excluding
A2261-BCG and IC 1101, we find significant correlations
between Rb and Σ5 and Σ10, in the sense that large-core
galaxies in high-density regions tend to exhibit larger Rb
than those in relatively low-density environments (Ta-
ble 6). These correlations also reveal that more mas-
sive SMBHs are hosted by large-core galaxies that re-
side in denser environments. The Pearson correlation
coefficients for the Σ5 − Rb and Σ10 − Rb relations are
r ∼ 0.54− 0.57 and r ∼ 0.32, respectively.
We do not witness a correlation between the number
of dry major mergers N and the environment estimates
Σ5 and Σ10 (r ∼ 0.06 − 0.14). Accordingly, the exces-
sive amount of major mergers that we obtained for a
couple of large-core galaxies (N & 5 − 320, Section 5.1
and Fig. 9) cannot be readily explained by their local
projected environmental densities. Instead, the L-based
SMBH masses—which we used to calculate the merger
rates (N ≈ 2Mdef/MBH, Merritt 2006) for the bulk
(7/10) of the galaxies in Fig. 10—may explain the high
N values as well as the poor Σ − N correlation, since
MBH,L−based appear to be undermassive for the break
radii (Rb) and mass deficits (Mdef) of large-core galaxies
(Figs. 6 and 9).
In Fig. 11, we show histograms of absolute B-band
galaxy magnitudes (MB) of the 10 nearest neighbours
with MB . −18 mag for six large-core galaxies (NGC
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4486, NGC 6166, A0119-BCG, A2147-BCG, A3558-BCG
and IC 1101). These six large-core galaxies are se-
lected to have representative break radii for the large-core
galaxy population. We cannot presently reach a firm con-
clusion, but there is a hint that large-core galaxies with
larger break radii and high Σ5 have brighter companions
(see also Appendix B). This reinforces the idea that the
most massive galaxies experience a higher proportion of
mergers between massive spheroidal systems.
5.3. Formation of core-Se´rsic galaxies: “large-core”
versus “normal-core” galaxies
We postulate that both “large-core” and “normal-
core” core-Se´rsic spheroids are built through a rea-
sonably large number of successive dry major mergers
(N ∼ 1 − 10) involving SMBHs (e.g., Faber et al. 1997;
Kormendy 1999; Laine et al. 2003; Trujillo et al. 2004;
Bell et al. 2006; Ferrarese et al. 2006; Lauer et al. 2007b;
Kormendy et al. 2009; Liu et al. 2009; Bernardi et al.
2011; Rusli et al. 2013; Dullo & Graham 2013, 2014,
2015; Dullo et al. 2017, 2018). In the previous sections
we have shown that “large-core” spheroids of BCGs and
central dominant galaxies with Rb & 0.5 kpc, MV .
−23.50 ± 0.1 mag, Mdef & 1010M⊙ are extremely mas-
sive (i.e., M∗ & 10
12M⊙). The same µb −Rb, Rb − LV ,
LV − Re and LV − n relations defined by the “normal-
core” core-Se´rsic spheroids with Rb . 0.5 kpc, −20.70
mag & MV & −23.60 mag, Mdef . 10
10M⊙ and stellar
massesM∗ ∼ 8×1010−1012M⊙ hold up at higher masses
for the large-core spheroids. This is also the case for the
Rb−MBH relation when using directly measured SMBH
masses.
The bulk (∼77%) of our large-core galaxies are BCGs,
which is unsurprising as BCGs are predicted to experi-
ence a more intense merging and accretion events than
galaxies with relatively low luminosities. Our findings
hint that large-core spheroids are more likely to un-
dergo a higher proportion of dry major mergers than
the normal-core spheroids. Although we only have
three large-core spheroids with measured MBH, we find
N ∼ 6 − 10 for these spheroids, whereas the bulk (6/8)
of our normal-core spheroids with measured MBH have
N ∼ 2−4, see Fig. 9. This is in line with the analytic and
semi-analytic study by Volonteri & Ciotti (2013), how-
ever see Savorgnan & Graham (2015). Krajnovic´ et al.
(2018) also found that about half of the most massive
galaxies (M∗ & 10
12M⊙) exhibit prolate-like rotation,
consistent with these galaxies being products of dry ma-
jor mergers. The depleted cores and stellar mass deficits
in large-core spheroids likely reflect the cumulative ef-
fect of multiple dry mergers and the ensuing excavation
of inner stars from the core by coalescing, overmassive
black hole binaries with a final mass MBH & 10
10M⊙
(Sections 4.1 and 5.1), typically a factor of 1.7−4.5 (and
10−43) larger than the SMBH masses estimated us-
ing the spheroids’ L (and σ). In passing we note that
Mezcua et al. (2018, see also Hlavacek-Larrondo et al.
2012) wrote that 40% of their sample of 72 BCGs at
redshift of z ∼ 0.006− 0.300 must have MBH & 1010M⊙
to lie on the fundamental plane of black hole accretion.
The analytic arguments by King & Nealon (2019) pre-
dict present-day galaxies with overmassive black holes
that lie above the MBH− σ relation may be descendants
of the compact blue nuggets formed at z & 6, suggest-
ing an evolutionary link between the high-redshift blue
nuggets and large-core galaxies.
The higher prevalence of dry mergers associated with
large-core spheroids can explain the break that we iden-
tified for the first time in the core-Se´rsic σ−LV relation
occurring at MV ∼ −23.50± 0.10 mag, not to be con-
fused with the change in the slope of the σ − LV rela-
tion due to core-Se´rsic versus Se´rsic galaxies. The pre-
diction that major, dry mergers add the stellar mass,
black hole mass and sizes in equal proportion while
increasing the velocity dispersion only slightly (e.g.,
Nipoti et al. 2003; Ciotti et al. 2007; Oser et al. 2012;
Hilz et al. 2013) would imply that the σ − LV relation
may not hold across the full mass range of core-Se´rsic
spheroids. We find a flattening of the slope of the σ−LV
relation and larger scatter at the extremely massive end,
where the velocity dispersions of the large-core spheroids
increase only slightly with LV , compared to the relatively
steep σ − LV relation for normal-core galaxies (Fig. 7).
Turning to the intermediate- and large-scale compo-
nents, as noted in Section 3.1, of the 13 large-core galax-
ies in our sample 10 have low surface brightness outer
stellar halos with exponential-like distribution of stars
and with physical scales of Re ∼ 10 − 300 kpc (Ap-
pendix A1 and Dullo et al. 2017, see also Seigar et al.
2007; Pierini et al. 2008; Alamo-Mart´ınez & Blakeslee
2017). The spheroid-to-halo effective radius ratios for
the large-core galaxies are Re,spheroid/Re,halo ∼ 0.05 − 1
(Tables 3 and 4). Three out of these 10 large-core
galaxies (NGC 4874, A3571 and IC 1101) also exhibit
intermediate-scale components. The color maps for these
three galaxies become gradually bluer towards larger
radii (see Fig.12 and Dullo et al. 2017, their Fig. 6).
The color maps of NGC 4874 and A3571 (Fig. 12)
were created adopting the same prescription described
in Dullo et al. (2017, their Section 3.3). Coupled with
our decompositions, these color maps suggest different
origins for the inner, red spheroid with a high concen-
tration of old stars and the intermediate- and large-
scale components with relatively bluer colors. We find
that, when present, the fractional contributions of the
outer halos and intermediate-scale components are typ-
ically ∼15−60% and ∼20% of the total (i.e., spheroid
+ intermediate-component + halo) flux, respectively
(similar results have been previously reported by e.g.,
Gonzalez et al. 2005; Seigar et al. 2007; Oser et al. 2010;
Jime´nez-Teja & Dupke 2016).
It appears plausible that the natural assembly path-
ways for the intermediate-scale and outer halo com-
ponents of large-core galaxies are significant accre-
tion of less massive neighbours and the accumu-
lation of stars stripped during galaxy-galaxy en-
counters occurring at z < 1 (e.g., Seigar et al.
2007; Zolotov et al. 2009; Naab et al. 2009; Oser et al.
2010; Donzelli et al. 2011; Hilz et al. 2012, 2013;
Johansson et al. 2012; Burke et al. 2015; Cooper et al.
2015; Rodriguez-Gomez et al. 2016; Dullo et al. 2017,
2018; Montes & Trujillo 2018; Pillepich et al. 2018). A
small contribution to the intermediate-components and
halo lights could come from core stars which are gravita-
tionally ejected by the SMBH binaries and accumulate at
large radii outside the core or escape from the spheroid
at high velocities (e.g., Hills 1988; O’Leary & Loeb 2008;
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Fig. 12.— HST WFPC2 F606W − F814W and HST ACS F475W − F814W colour maps for the two large-core galaxies in our sample
with intermediate-scale components (NGC 4874 and A3571-BCG). The maps reveal that the galaxies turn bluer with increasing radius.
North is up and east is to the left.
Brown et al. 2012). The masses of these ejected stars
(i.e., the stellar mass deficits) in large-core galaxies
are typically ∼10−20% (and ∼1−3% ) of the stellar
masses of their intermediate- (and outer halo) com-
ponents (Table 5). Moreover, the observed trend of
outwardly rising ellipticity for the large-core galax-
ies, except for the only group galaxy in our sample,
NGC 1600 (Appendix A) suggests that the halo (and
perhaps also the intermediate-scale component) stars
at large radii trace the global cluster potential rather
than the host spheroid potential (e.g., di Tullio 1979;
Porter et al. 1991; Postman & Lauer 1995; Dubinski
1998; Gonzalez et al. 2005; Khosroshahi et al. 2006;
West et al. 2017).
6. CONCLUSIONS
Motivated by the need to re-investigate the formation
and structural scaling relations of massive galaxies over
a wide dynamic range in spheroid luminosity and stellar
mass, we have extracted composite (HST WFPC2, ACS
and NICMOS plus ground-based) major-axis surface
brightness and ellipticity profiles for 12 extremely mas-
sive core-Se´rsic galaxies (9 BCGs, 2 second brightest clus-
ter galaxies and 1 brightest group galaxy) with core sizes
Rb > 0.5 kpc. We perform careful, multi-component
(halo/intermediate-scale component/spheroid/nucleus)
decompositions of these composite light profiles which
typically cover a large radial range R & 100 arcsec. In
so doing, we modelled the spheroid with a core-Se´rsic
profile and, when present, we fit an exponential function
to the outer halo, a Se´rsic model to the intermediate-
scale component and a Gaussian or a Se´rsic profile to
the nucleus. This is the first time this has been done for
the full sample of 12 galaxies. The decompositions yield
an excellent fit to the light profiles of the galaxies with
a median rms scatter of 0.031 mag arcsec−2.
We additionally included the galaxy with largest
depleted core detected to date IC 1101 (Rb ∼ 4.2 kpc)
from Dullo et al. (2017) and 28 core-Se´rsic early-type
galaxies with Rb < 0.5 kpc from Dullo & Graham
(2014). This resulted in the largest sample of 41 core-
Se´rsic galaxies studied to date consists of 13 “large-core”
galaxies having Rb > 0.5 kpc and the remaining 28
“normal-core” galaxies with Rb < 0.5 kpc. Our principal
conclusions are as follows:
(1) We find that large-core spheroids have V -band
absolute magnitude MV . −23.50 ± 0.10 mag, sizes
Re & 10 − 300 kpc and stellar masses that are typically
M∗ & 10
12M⊙, whereas for the relatively less luminous
normal-core spheroids (−20.70 mag & MV & −23.60
mag), Re ∼ 1 − 50 kpc and M∗ ∼ 8 × 1010 − 1012M⊙.
Of the 13 large-core galaxies, seven have Rb & 1.3
kpc. The depleted cores and stellar mass deficits in
large-core spheroids are likely due to the cumulative
effect of multiple dry mergers and the ensuing core
scouring by coalescing, overmassive SMBH binaries with
a final mass MBH & 10
10M⊙. For such galaxies, an
additional mechanism that can contribute to the large
cores/stellar mass deficits is oscillatory core passages by
a (gravitational radiation)-kicked SMBH.
(2) The detailed multi-component decompositions of
the large-core galaxies reveal the bulk (∼ 77%) of them
exhibit low surface brightness outer stellar halos with
exponential-like stellar distribution and physical scales
of Re ∼ 10− 300 kpc.
(3) We present updated structural parameter relations
for our 41 massive galaxies with a large range in
galaxy luminosity (Section 4). We find that large-core
spheroids follow the same µV − Rb, Rb − LV , LV − Re
and LV − n relations defined by the relatively less
massive, normal-core spheroids. The strong correlations
between Rb, and the break surface brightness (µb) and
the spheroid luminosity (LV ) for core-Se´rsic galaxies
are such that Rb ∝ µ
0.38±0.02
b and Rb ∝ L
1.38±0.13
V . We
also find a tight, linear relation between the spheroid’s
luminosity and size for massive (core-Se´rsic) ellipticals
and BCGs such that Re ∝ L
1.08±0.09
V .
(4) We find a strong log-linear Rb − MBH relation
for 11 sample galaxies with directly determined SMBH
masses (Rb ∝ M
0.83±0.10
BH ): 3 of these 11 galaxies are
large-core galaxies.
(5) For normal-core galaxies, the break radius Rb cor-
relates equally well with the directly determined SMBH
mass (MBH,direct) and the SMBH masses predicted using
the MBH − σ and the core-Se´rsic MBH − L relations
(MBH,σ−based and MBH,L−based, Graham & Scott 2013).
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In contrast, our large host galaxy luminosity range has
revealed significant offsets in the Rb −MBH,σ−based and
Rb−MBH,L−based diagrams at the highest galaxy masses
(i.e., M∗ & 10
12M⊙). The offset is more pronounced
in the former relation. The SMBH masses of large-core
galaxies estimated from the MBH − L relation are
roughly an order of magnitude larger than those from
the MBH − σ relation. We determined that these offsets
arise because the SMBH masses in the most massive
galaxies (i.e., M∗ & 10
12M⊙) are high relative to what
is expected from their velocity dispersions or bulge
luminosities. For such galaxies, we recommend the
Rb −MBH,direct relation should be used for determining
the SMBH masses.
(6) We have measured central stellar mass deficits
in large-core galaxies (Mdef & 10
10M⊙), which when
compared to MBH,direct, MBH,σ−based and MBH,L−based
yield Mdef/MBH ratios of ∼ 0.5 − 5, ∼ 10 − 160 and
∼ 2− 70, respectively. While the former ratio translates
to a reasonably large merger rate (i.e., N ∼ 1− 10), the
latter two correspond to unrealistically large number of
major dry mergers (N ∼ 5−320) for the bulk (∼ 70%) of
the large-core spheroids. These findings strengthen the
conclusions above: the central SMBH mass in large-core
galaxies is considerably larger than the expectations
from the spheroid σ and L. On the other hand, the
predicted SMBH masses for the large-core spheroids
based on Rb are of order MBH & 10
10M⊙ (Table 5),
and typically a factor of 1.7−4.5 (and 10−43), i.e.,
∼ 0.6 − 1.7σ (and ∼ 3.7 − 15.6σ), larger than the
SMBH masses estimated using the spheroids’ L (and σ).
Using these Rb-based SMBH masses for the large-core
galaxies brings down the merger rate to N ∼ 2 − 7,
in good agreement with observations and theoretical
expectations.
(7) We find significant correlations between Rb
and galaxy environment estimates Σ5 and Σ10, i.e.,
r ∼ 0.54 − 0.57 and r ∼ 0.32, respectively. Large-core
galaxies in high-density regions tend to exhibit larger
Rb than those in relatively low-density environments.
Our findings also reveal that more massive SMBHs
are hosted by large-core galaxies that reside in denser
environments. In contrast, the galaxy merger rate
exhibits no significant dependence the environment
estimates, we therefore rule out the excessive amount
of major mergers that we obtained for a couple of
large-core galaxies (N ∼ 5 − 320) being due to higher
local projected environmental densities.
(8) Our results hint that large-core spheroids are
more likely to experience a higher proportion of dry
major mergers than the normal-core spheroids (see e.g.,
Volonteri & Ciotti 2013). Although our sample only
contains three large-core spheroids with measured MBH,
we find N ∼ 6 − 10 for these spheroids, compared
to N ∼ 2 − 4 for the bulk (6/8) of our normal-core
spheroids with measured MBH.
(9) We discover a break in the core-Se´rsic σ − LV re-
lation occurring at MV ∼ −23.50± 0.10 mag, not to be
confused with the change in the slope of the σ − LV
relation due to core-Se´rsic versus Se´rsic galaxies. We
attribute this to be the result of large-core spheroids un-
dergoing more dry major mergers than the relatively less
massive, normal-core spheroids.
Our findings carry significant implications for stud-
ies which attempt to predict SMBH masses in the most
massive galaxies using their spheroid luminosity (L) or
σ. Future high-resolution dynamical SMBH mass mea-
surements by modelling stellar or ionized gas kinematics
in galaxies with MV . −23.50 ± 0.1 mag and M∗ &
1012M⊙ are imperative to further study the processes
that shaped the growth of the most massive galaxies and
their SMBHs.
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8. APPENDIX
A. APPENDIX A
In Fig. A1, we show the multi-component decomposition of the major-axis surface brightness profiles of the large-core
galaxies (Table 1).
B. APPENDIX B
Spatial distribution of our large-core galaxies and their nearest neighbours (Fig. A2).
22 Dullo
Fig. A1.— Fits to the major-axis surface brightness profiles of our sample of 12 core-Se´rsic galaxies (see Table 1). The red dashed curves
indicate the core-Se´rsic model, while the blue dotted curves show the outer stellar halo. Additional nuclear light components such as AGN
and star clusters were modelled using either a Gaussian (brown, triple dot-dashed curve) or a Se´rsic function (blue dot-dashed curve) . The
solid green curves represent the complete fit to the profiles. The fit rms residuals and ellipticity (ǫ = 1− b/a) are given in the lower panels.
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24 Dullo
66.5 67.0 67.5 68.0 68.5 69.0
R.A. (J2000.0)
 6.0
 5.5
 5.0
 4.5
 4.0
 3.5
De
c.
(J2
00
0.
0)
NGC 1600
log(Σ10) ∼ 0.45, for MB≲ 18.0 m≲glog(Σ5) ∼  0.51, for MB≲ 19.5 m≲g
Rb ∼ 0.65 kpc
185 186 187 188 189 190
R.A. (J2000.0)
9
10
11
12
13
14
15
De
c.
(J2
00
0.
0)
NGC 4486
log(Σ10) ∼ 1.33, for MB≲ 18.0 m≲glog(Σ5) ∼ 0.96, for MB≲ 19.5 m≲g
Rb ∼ 0.64 kpc
194.4 194.6 194.8 195.0 195.2 195.4
R.A. (J2000.0)
27.6
27.8
28.0
28.2
28.4
De
c.
(J2
00
0.
0)
-22.50
-22.00
-21.00
-20.00
-19.50
-19.00
-18.50
M
B
 (H
y 
er
le
da
)
NGC 4874
log(Σ10) ∼ 1.15, for MB≲−18.0 maglog(Σ5) ∼ 0.68, for MB≲−19.5 mag
Rb ∼ 1.63 kpc
194.6 194.8 195.0 195.2 195.4
R.A. (J2000.0)
27.6
27.8
28.0
28.2
28.4
De
c.
(J2
00
0.
0)
NGC 4889
log(Σ10)  1.42, for MB≲−18.0 m≲glog(Σ5)  0.84, for MB≲−19.5 m≲g
Rb ∼ 0.86 kpc
246.8 247.0 247.2 247.4 247.6
R.A. (J2000.0)
39.2
39.4
39.6
39.8
40.0
De
c.
(J2
00
0.
0)
NGC 6166
log(Σ10) ∼ 0.96, for MB≲ 18.0 maglog(Σ≲) ∼ 1.00, for MB≲ 19.≲ mag
Rb ∼ 2.11 kpc
13.8 14.0 14.2 14.4
R.A. (J2000.0)
−1.6
−1.4
−1.2
−1.0
−0.8
De
c.
(J2
00
0.
0)
-22.50
-22.00
-21.00
-20.00
-19.50
-19.00
-18.50
M
B
 (H
yp
er
le
da
)
A0119-BCG
l g(Σ10) ∼ 0.72, f r MB≲−18.0 magl g(Σ5) ∼ 0.31, f r MB≲−19.5 mag
Rb ∼ 0.67 kpc
240.4 240.5 240.6 240.7 240.8
R.A. (J2000.0)
15.8
15.9
16.0
16.1
16.2
De
c.
(J2
00
0.
0)
A2147-BCG
log(Σ10) ∼ 1.69, for MB≲−18.0 maglog(Σ5) ∼ 1.04, for MB≲ 19.5 mag
Rb ∼ 1.28 kpc
260.2 260.4 260.6 260.8 261.0
R.A. (J2000.0)
31.8
32.0
32.2
32.4
32.6
De
c.
(J2
00
0.
0)
A2261-BCG
log( 10) ∼ −0.71, for MB≲−18.0 maglog≲ 5) ∼ −0.56, for MB≲−19.5 mag
Rb ∼ 2.71 kpc
201.8 201.9 202.0 202.1 202.2
R.A. (J2000.0)
−31.7
−31.6
−31.5
−31.4
−31.3
De
c.
(J2
00
0.
0)
-22.50
-22.00
-21.00
-20.00
-19.50
-19.00
-18.50
M
B
 (H
yp
er
le
da
)
A3558-BCG
l g(Σ10) ∼ 1.47, f r MB≲−18.0 magl g(Σ5) ∼ 1.30, f r MB≲−19.5 mag
Rb ∼ 1.30 kpc
203.0 203.2 203.4 203.6 203.8
R.A. (J2000.0)
 32.0
 31.8
 31.6
 31.4
 31.2
De
c.
(J2
00
0.
0)
A3562-BCG
log(Σ10) ∼ 0.68, for MB≲−18.0 maglog(Σ5) ∼ 0.42, for MB≲ 19.5 mag
Rb ∼ 0.64 kpc
206.6 206.8 207.0 207.2
R.A. (J2000.0)
 33.2
 33.1
 33.0
 32.9
 32.8
 32.7
 32.6
 32.5
De
c.
(J2
00
0.
0)
A3571-BCG
log(Σ10) ∼ 0.71, for MB≲−18.0 maglog(Σ5) ∼ 0.90, for MB≲ 19.5 mag
Rb ∼ 1.70 kpc
227.5 227.6 227.7 227.8 227.9 228.0
R.A. (J2000.0)
5.6
5.7
5.8
5.9
6.0
De
c.
(J2
00
0.
0)
-22.50
-22.00
-21.00
-20.00
-19.50
-19.00
-18.50
M
B
 (H
 p
er
le
da
)
IC1101
log(Σ10) ∼ 0.57, for MB≲−18.0 maglog(Σ5) ∼ 1.02, for MB≲−19.5 mag
Rb ∼ 4.20 kpc
Fig. A2.— Spatial distribution of our large-core galaxies (big filled circles) and their 10 nearest neighbours with MB . −18.0 mag and
|Vhel,large−core − Vhel,neighbour| < 300 km s
−1 (small filled circles). The spatial distribution, nearest neighbour identification and recession
velocities (Vhel) are based on NED, while the B-band absolute galaxy magnitudes are from Hyperleda. We excluded the sample galaxy
4C +74.13 with no robust data for its nearest neighbours in NED. The blue solid circles, centred on the large-core galaxies, enclose the 10
nearest neighbours. Σ10=Ngal/(πR
2
10) and Σ5=Ngal/(πR
2
5) are the surface density measurements in Mpc
−2, where the radius R5 (R10),
centred on the large-core galaxies, encloses the 5 (10) nearest neighbours with MB . −19.5 mag ( MB . −18.0 mag), see Cappellari et al.
(2011, their Section 3.1). The caveat here is that galaxies with MB & −19.5 mag may be too faint to be detected at the distances of 4C
+74.13 (D ∼ 925 Mpc), A2261-BCG (D ∼ 959 Mpc) and IC 1101 (D ∼ 363 Mpc). Therefore, we caution that for A2261-BCG and IC 1101,
the Σ10 values are likely biased toward low values compared to other large-core galaxies shown here with D. 213 Mpc.
